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Abstract This study describes a model of Phillips' Λ(c) distribution, which is the expected length of
breaking fronts (per unit surface area) moving with velocity c to c + dc, providing a framework for coupled
atmosphere-wave-ocean models to explicitly account for wave breaking related air-sea fluxes. The model of
Λ depends on the spectral saturation, based on Gaussian statistics of the lengths of crest exceeding wave
slope criteria, and long wave-short wave modulation. A wave breaking dissipation function based on Λ was
implemented in the model WaveWatchIII. The wave solutions are consistent with the observations,
including several metrics of the spectrum and Λ(c) distributions. The whitecap coverage derived from Λ
reproduces recent parameterizations saturating at high winds. The wave breaking variability due to
wave-current interaction is significant at submesoscales (order 1 km or smaller). The wave breaking model
can be further developed to model gas transfer coefficients and aerosol production.

Plain Language Summary This study introduces a new model of wave breaking that allows
coupled atmosphere-wave-ocean models to explicitly account for wave breaking related air-sea exchanges,
as well as direct applications for climate, weather, remote sensing, and biogeochemical studies. The model
is based on a physical framework that allows explicit computations of wave breaking related air-sea fluxes
including momentum, energy, gases, and aerosols across the air-sea interface. The energy dissipation from
the new breaking model was implemented in a spectral wave model. The resulting wave model solutions
accurately reproduce the main features of empirical wave energy spectra. The wave breaking distributions,
and whitecap coverage from the model are consistent with field observations over a wide range of
conditions. The results show that wave breaking variability is significantly modulated due to current
variations at small scales.

1. Introduction
Surface wave breaking modulates the fluxes of energy, momentum, mass, and gases across the air-sea inter-
face (Melville, 1996; Perlin et al., 2013). Breaking waves drive upper ocean currents and mixing (Phillips,
1977), affect aerosol production, and enhance gas exchange and heat fluxes across the air-sea interface
(Farmer et al., 1993; Thorpe, 1982), all of which have implications for weather and climate change pre-
dictions (Loewen, 2002). Air-sea fluxes have been traditionally parameterized with crude models based on
wind speed. Phillips (1985) introduced a rational framework to describe the wave breaking kinematics and
dynamics through a distribution Λ(c), which is the expected length of breaking crests moving with veloc-
ity c to dc per unit surface area, with corresponding azimuth-integrated distribution Λ(c) = ∫ Λ(c)cd𝜃. The
moments of Λ(c) are related to the following physical parameters:

Total length of breaking fronts per unit surface area: L = ∫ Λ(c)dc (1)

Fraction of total surface area turned over per unit time: R = ∫ cΛ(c)dc (2)

Fractional whitecap coverage: W ∝ ∫ c2Λ(c)dc (3)

Rate of air entrainment per unit surface area: Va ∝ ∫ c3Λ(c)dc (4)

Momentum flux per unit surface area: M ∝ ∫ c4Λ(c)dc (5)
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Energy dissipation per unit surface area: E ∝ ∫ c5Λ(c)dc, (6)

for details the reader may refer to Phillips (1985), Kleiss and Melville (2010), and Deike et al. (2017).

Several studies have measured Λ using visible and/or infrared imaging techniques under various environ-
mental conditions (Gemmrich et al., 2008; Kleiss & Melville, 2010; Thomson et al., 2009; Zappa et al., 2012;
Schwendeman et al., 2014). The High-Resolution Air-Sea Interaction Experiment provided measurements
of Λ(c) from visible imagery over areas with strong wave-current interactions (Romero et al., 2017), as
well as coincident measurements of Λ(c) from visible and infrared imagery over a wide range of wave ages
(Sutherland & Melville, 2013, hereafter referred to as SM13). The infrared imagery of SM13 allowed quantifi-
cation of wave breaking statistics for both waves that entrain air and microbreakers. One of the main findings
by SM13 was an empirical scaling of Λ(c) approximately collapsing the data along a line proportional to c−6.

There are, however, several shortcomings related to Phillips' framework as discussed by Zappa et al. (2016)
and Banner et al. (2014). For example, it is not immediately obvious how to relate the speed of a breaking
front to a particular scale. Although laboratory measurements suggest it is proportional to the phase speed
(Banner & Peirson, 2007; Rapp & Melville, 1990; Stansell & MacFarlane, 2002), the speed of a breaker slows
down during the breaking process. Alternatively, other approaches have been proposed directly relating
the energy dissipation to the bubble plume volume or the whitecap coverage (Callaghan, 2018; Hwang &
Sletten, 2008).

Despite the controversy surrounding Phillips' framework, the findings by SM13 provide a benchmark for
the development of a new model of Λ(c) suitable for spectral wave models, and in particular for coupled
atmosphere-wave-ocean models explicitly accounting for air-sea exchanges due to surface wave breaking.
This study describes a new model of Λ, including its implementation and validation within the spectral
model WaveWatch III (The WAVEWATCH III Development Group [WW3DG], 2016), here defined as WW3.
The wave breaking model builds from the work by Romero and Melville (2011) on the length of crests
exceeding wave slope thresholds. The model ofΛ(c) and its implementation in WW3 are described in section
2. The model results are presented in section 3, which are discussed and summarized in sections 4 and 5,
respectively.

2. Methods
2.1. Wave Breaking Model
The directional wavenumber spectrum F(k) of surface waves is defined such that

⟨𝜂2⟩ = ∫ F(k)dk, (7)

with ⟨𝜂2⟩ corresponding to the variance of the surface elevation. The azimuth-integrated or omnidirectional
spectrum is given by

𝜙(k) = ∫ F(k, 𝜃)kd𝜃. (8)

The spectral evolution of the directional wave spectrum F(k) in deep water can be described through the
wave action conservation equation

𝜕N(k)
𝜕t

+ (cg + u) · 𝜕N(k)
𝜕x

− k · 𝜕u
𝜕x

𝜕N
𝜕k

=
Sin + Snl + Sds

𝜎
, (9)

where N(k) = F(k)∕𝜎(k) is the wave action, 𝜎(k) = (gk)1/2 is the frequency according to the linear dispersion
relationship, u is the surface current, and S is the sum of the energy sources (Hasselmann et al., 1973). The
dominant energy source terms are composed of wind input Sin, nonlinear four-wave resonant fluxes Snl,
dissipation due to wave breaking Sds.

In this study, the wind input Sin is modeled according to Ardhuin et al. (2010) based on the quasilinear the-
ory by Janssen (1991), including short-wave sheltering due to longer waves (Chen & Belcher, 2000) and swell
dissipation for waves traveling faster than the wind, using the default tuning parameters of the ST4 pack-
age with a maximum roughness length Z0MAX= 8 × 10−4. Thus, limiting the drag coefficient to 1.85 ×10−3

(Sullivan et al., 2012). The nonlinear energy fluxes are computed with the standard Direct Interaction
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Approximation (DIA; Hasselmann & Hasselmann, 1985) and the Ǎexact” Webb-Resio-Tracy method
(WRT; Tracy & Resio, 1982, van Vledder, 2006).

The spectral dissipation Sds is computed through Λ(k), which is modeled on the assumption that it is
proportional to the statistics of crest lengths exceeding a wave slope criterion. Following the work by
Longuet-Higgins (1957), Romero and Melville (2011) derived an analytical model describing the statistical
distribution of the length of crests per unit surface area and unit bandwidth for waves exceeding wave slope
criterion so according to

lso
= 1

3
so

2m1∕2
00 k̄

exp

(
−

s2
o

2m00k̄2

)
, (10)

where m00 = ⟨𝜂2⟩ and k̄ is the mean wavenumber. Romero and Melville (2011) showed good agree-
ment between equation (10) and band-passed airborne lidar wave observations (Romero & Melville,
2010a, hereafter referred to as RM10). Assuming that wave groups are self-similar and a functional form as
in equation (10) with respect to the spectral saturation B(k) = F(k)k4, Λ(k) is modeled according to

Λ(k) = l
k

exp
(
−

Bbr

B(k)

)
ML(k)MW (k), (11)

where Bbr is a characteristic saturation representative of the breaking waves, l is a dimensionless function,
ML(k) is a function accounting for the breaking modulation by the longer waves, and MW (k) is an ampli-
fication for the short waves to balance the wind input. The spectral saturation is a convenient parameter
to characterize the wave slope locally within a broadband spectrum assuming self-similarity and has been
shown to correlate with breaking waves in the field (Banner et al., 2002) and used extensively to model wave
breaking (Alves & Banner, 2003; Ardhuin et al., 2010; Banner & Morison, 2010; Donelan, 2001).

Donelan (2001) proposed a nonlinear spectral dissipation function due to wave breaking that accounts for
the straining of the short waves by the longer waves in terms of the cumulative mean squared slope cmss(k).

Following Peureux et al. (2018) and Guimaraes (2018), the wave breaking modulation due to longer waves
is modeled according to

ML(k) =
(

1 + 400
√

cmss(k)cos2(𝜃 − 𝜃w)
)3∕2

, (12)

where the cumulative mean squared slope

cmss(k) = ∫
k

0
F(k, 𝜃)k2kdkd𝜃, (13)

and 𝜃w is the spectrally weighted mean wave direction defined as

𝜃w = tan

( ∫ F(k) sin 𝜃dk
∫ F(k) cos 𝜃dk

)
. (14)

The factor of 400 and the power of 3/2 in equation (12) were found to give the best performance against the
measurements by RM10 with respect to the bimodal directional distribution at wavenumbers larger than
the spectral peak.

The wind modulation function is modeled linearly according to

MW (k) = (1 + D max[1, k
ko

])∕(1 + D) (15)

with ko(u∗) = g ( 3
28u∗

)2. Therefore, MW (k) is only activated for k > ko balancing the wind input while main-
taining a saturation level at large wavenumbers consistent with the field observations (i.e., RM10; Lenain &
Melville, 2017). The dimensionless factor D = 0.9 for the DIA and D = 2 for WRT computations. The larger
value of D and a wider range of resolved wavenumbers are needed for WRT computations to minimize the
variability of the spectral saturation at large wavenumbers.

By definition, the total length of breaking crests per unit surface area

L = ∫ Λ(k)dk (16)
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and
Λ(c)dc = Λ(k)dk. (17)

Following Phillips (1985), an element of area dk corresponds to an area element dc as given by

dk = kdkd𝜃 (18)

= −𝜕k
𝜕c

k
c

cdcd𝜃, (19)

which according to the linear dispersion relationship c = (g∕k)1/2 becomes

dk = −
2g2

c6 cdcd𝜃 (20)

= −
2g2

c6 dc (21)

and

Λ(c) = −
2g2

c6 Λ(k)
|||||k=gc−2

, (22)

which integrated in azimuth becomes

Λ(c) = −
2g
c3 Λ(k)

||||k=gc−2
. (23)

Laboratory measurements have shown that the speed of breaking crests (cbr) is linearly related to the phase
speed through a factor 𝛼, such that cbr = 𝛼 c, with 𝛼 varying between 0.7 and 0.95 (Banner & Peirson, 2007;
Rapp & Melville, 1990; Stansell & MacFarlane, 2002). For consistency with SM13, here it is assumed that
𝛼 = 1.

Duncan (1981, 1983) introduced a scaling of the energy dissipation rate per unit length of breaking crest
according to

𝜖l =
b𝜌wc5

g
, (24)

where b is a dimensionless parameter representing the strength of breaking. Laboratory measurements have
shown that b depends on the wave steepness and the rate of energy convergence of wave groups varying
between 1 ×10−4 and 1 ×10−1 (Banner & Peirson, 2007; Drazen et al., 2008; Melville, 1994). Phillips (1985)
generalized equation (24) for a broadband spectrum according to

𝜌w gSds(c)dc =
𝜌w

g
bΛ(c)c5dc, (25)

such that

Sds(c) =
b
g2 Λ(c)c

5 or S ds(k) =
b
g2 Λ(k)c

5. (26)

Subsequently, Romero et al. (2012) combined a semiempirical quantification of the spectral energy dissipa-
tion with measurements of Λ(c) by Kleiss and Melville (2010) to show that the strength of breaking b is not
a constant across the spectrum. They proposed the model

b(k) = A(B(k)1∕2 − B1∕2
T )5∕2, (27)

where B(k) = 𝜙(k)k3 is the azimuth-integrated saturation, A is a dimensionless factor of order unity, and BT
is a breaking saturation threshold (Banner et al., 2002), and the power of 5/2 is based on the inertial scaling
by Drazen et al. (2008). Here I use A= 3.8 and BT = 1.1×10−3, which are within the range of values obtained
by Romero et al. (2012).

The spectral dissipation due wave breaking Sds(k) is modeled combining equations (11)–(15), (26), and (27).
The dissipation written solely in terms of either wavenumber or frequency is included for clarity in the
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supporting information. The constants l and Bbr were tuned under idealized duration-limited runs such
that the significant wave height (Hs) and peak wave period (Tp) matched Ardhuin et al. (2010; ST4), and
the equilibrium range level matched Resio et al. (2004). The resulting coefficients are Bbr = 5 × 10−3 and
l = 3.5 × 10−5 for solutions forced with either DIA or WRT. The wave breaking saturation parameter Bbr
controls the shape of the spectrum at the peak and/or intermediate wavenumbers. As Bbr increases, the
spectral peakedness and the level of the equilibrium range decrease and vice versa.

After implementation of the Λ(k)-based dissipation, two additional output parameters were implemented
in WW3: the whitecap coverage and air entraining rate. Following Kleiss and Melville (2010), the whitecap
coverage is modeled according to

W = 2𝜋
g
𝛾 ∫ c2Λ(c)dc, (28)

where 𝛾 is a dimensionless factor representing the duration of breaking relative to the wave period (2𝜋c∕g).
Here 𝛾 is set to 0.56 and the lower limit of integration c = 2 m/s (Deike et al., 2017). Deike et al. (2017)
developed a model for the rate of entrained air volume per unit area of ocean surface (Va) based on direct
numerical simulations. The model was further developed for field conditions in terms of Λ(c) according to

Va =
𝜒A

g ∫ (B1∕2(k) − B1∕2
T )3∕2c3Λ(c)dc, (29)

where A is the proportionality factor of the strength of breaking (27) and 𝜒 is a constant representing the
ratio between the work done by buoyancy forces and mechanical dissipation, here set to 𝜒 = 0.2 . Again,
the lower limit of integral (29) is set to 2 m/s. Deike and Melville (2018) subsequently extended the model
of air entrainment rate to model the bubble-mediated gas transfer coefficient of CO2, which can be easily
adapted in WW3.

2.2. Duration-Limited Experiments
Following Romero (2008), duration-limited experiments were conducted with stationary winds for model
tuning and validation. The model runs consist of the source term integration test case of WW3 (ww3_ts1).
The spectrum was discretized with a resolution Δ𝜃 = 10o in azimuth and Δk∕k = 0.14 in wavenumber.
The lowest wavenumber resolved is 0.0016 rad/m and the upper is 4 and 10 rad/m for the DIA and WRT,
respectively. A larger upper value is needed with “exact” computations of the nonlinear energy fluxes to
minimize the variability of the degree of saturation at large wavenumbers. The global time step was set to
300 s, and the minimum dynamical the source term integration step was set to 15 s. All model computations
in this study allow the tail of the spectrum to evolve freely without a prognostic tail (Liu et al., 2019).

The model was integrated for 12 days starting with “calm” conditions (Hs = 0) with the linear wind input
source term enabled (Cavaleri & Malanotte-Rizzoli, 1981). Duration-limited solutions were generated for
wind speeds between 4 and 35 m/s, saving output every 20 min. The model was tuned against ST4 solutions
of Hs and Tp with normalized root-mean-square errors (NRMSE; equation (26) of Ardhuin et al., 2010) of
less than 5% for winds speeds between 4 and 35 m/s.

2.3. Regional Model Configuration
There is a growing interest within the community to better understand the modulation of the wave field,
including wave breaking, due to wave-current interactions (Ardhuin et al., 2017; Romero et al., 2017;
Zippel & Thomson, 2017). Here, the wave breaking variability due to wave-current interactions is investi-
gated with a regional model configuration forced with surface currents from a high-frequency radar array
with a horizontal resolution of 2 km (Kaplan & Largier, 2006; Kaplan et al., 2005). The model solutions
are validated against lidar wave observations collected from an aircraft (Romero et al., 2017). The grid has
81 × 64 points in space with a resolution of 0.01◦ (1 km). The bathymetry consists of the 1 km product
SRTM30_PLUS from Becker et al. (2009). The time steps were set to 20 s with the minimum dynamical
source term integration of 5 s. The spectral grid has an azimuthal resolution of 10◦ and Δk∕k = 0.2 with
wavenumbers between 0.0016 and 4 rad/m. The initial and boundary conditions were generated using the
measured directional wavenumber spectra (Romero et al., 2017) extrapolated from 0.4 to 4 rad/m following
Romero et al. (2012). Boundary conditions were kept constant but the forcing winds and currents varied
in time. Time-varying forcing surface winds were provided homogeneously using the field measurements
from FLIP (Grare et al., 2013) with a temporal resolution of 30 min. For comparison, an additional model
run was forced with relative winds (i.e., U10 − u(x), where u(x) corresponds to the surface current).
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Figure 1. Evolving omnidirectional spectra (a) and corresponding compensated (saturation) spectra 𝜙 k3 (b) color coded by wave age, with reference power
laws of k−5/2 and k−3 shown with black solid and dashed lines, respectively. Toba's coefficient 𝛽 is plotted against the wave age cp∕u* in (c) and compared
against Resio et al. (2004) and RM10. (d, e) Directional spreading 𝜎𝜃(k∕kp) from DIA and WRT solutions, respectively. (f) The directional spreading data from
RM10 (solid lines), with dashed lines colored lines indicating the error magnitude. The black dashed lines in (d)–(f) correspond to the directional spreading
from lidar observations by Hwang et al. (2000). DIA = Direct Interaction Approximation; WRT = Webb-Resio-Tracy method.

3. Results
3.1. Wave Spectrum
In this section, the wave model performance is analyzed with an idealized solution forced with 20-m/s winds.
Omnidirectional spectra at various wave ages cp∕u* are shown in Figure 1a, comparing DIA and WRT com-
putations. The solutions show the typical differences with narrower spectra for the exact nonlinear energy
fluxes (Hasselmann & Hasselmann, 1985). The shape of the omnidirectional spectra above the spectral peak
approximately follows two power law regimes: an equilibrium range 𝜙 ∼ k−5/2 followed by a saturation
range 𝜙 ∼ k−3, in agreement with the measurements (Lenain & Melville, 2017; Long & Resio, 2007; Romero
& Melville, 2010a). This is better shown with B(k) = 𝜙(k)k3 in Figure 1b. The energy level within the equi-
librium range is slightly larger for the DIA solutions. Following Toba (1973), the equilibrium range can be
scaled according to

𝜙(k) = 𝛽

2
u∗g−1∕2k−5∕2, (30)

where 𝛽 is a dimensionless factor with weak dependence on the wave age cp∕u* (Resio et al., 2004, RM10).
Following Liu et al. (2019), 𝛽 is calculated from model solutions for 2.25 kp < k < 0.35 rad/m, with 0.35
rad/m corresponding to the upper limit before the noise floor of the data collected by RM10. The mean
compensated spectrum is calculated according to

⟨𝜙k5∕2⟩ = 1
0.35 − 2.25kp ∫

0.35

2.25kp

𝜙(k)k5∕2dk, (31)

and

𝛽 =
2g1∕2

u∗
⟨𝜙k5∕2⟩. (32)

Figure 1c shows 𝛽 versus wave age from DIA and WRT solutions compared against the measurements by
Resio et al. (2004) and RM10. The model solutions are in good agreement against Resio et al. (2004), roughly
20% larger than RM10. At large wavenumbers, the saturation level approximately reaches that reported by
Lenain and Melville (2017) of 7 × 10−3 and RM10 of 7.3 ± 1.0 × 10−3.
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Figure 2. (a) Λ(c) model solutions compared to SM13 (b), color coded by wind speed, with corresponding
nondimensionalized distributions in (c) and (d), respectively. The black straight lines show reference power laws of
c−6. The modeled nondimensionalized Λ(c) distributions are in good agreement with the observations (gray colors),
collapsing along the 0.05 ĉ−6 line, within the scatter of the data.

The wave solutions are further characterized with respect the directional spreading calculated according to

𝜎𝜃 =
∫ 𝜋∕2
−𝜋∕2 F(k, 𝜃)|𝜃|d𝜃
∫ 𝜋∕2
−𝜋∕2 F(k, 𝜃)d𝜃

, (33)

limiting the integral to ±𝜋∕2 for consistency with the RM10 lidar data, which has a 180◦ ambiguity. The
spreading 𝜎𝜃(k∕kp) is shown in Figures 1d and 1e for the DIA and WRT solutions, respectively, in good agree-
ment against RM10 (shown in Figure 1f). Overall, the WRT solution gives better spreading against RM10,
approaching the spreading reported by Hwang et al. (2000) for fully developed seas. This is a substantial
improvement compared to other WRT solutions which tend to give much narrower spectra (Liu et al., 2019;
Romero & Melville, 2010b).

3.2. Wave Breaking Distributions
In this section, the Λ(c) distributions from duration-limited solutions are compared against SM13 in
Figures 2a and 2b. The comparison is not one-to-one because the observed Λ's include very old waves reach-
ing values of cp∕u* = 100+, which suggests a mixture of wind-sea and swell. Nevertheless, the agreement
between the model and observations is reasonable. The model solutions are further analyzed with the empir-
ical scaling proposed by SM13, specifically Λ′ = Λ(c)c2

pg−1
√

cp∕u∗ and c′ = c∕
√

gHs(gHs∕c2
p)

0.1. Figures 2c
and 2d shows both sets of Λ(c) scaled accordingly, collapsing along 0.05 c′ −6.

3.3. Whitecap Coverage and Air Entrainment
The computed whitecap coverage W over a wide range of winds speeds (4 m/s ≤ U10 < 35 m/s) from
duration-limited solutions is shown in Figure 3a. The results compare well with the parameterizations by
Schwendeman and Thomson (2015), Callaghan et al. (2008), and Brumer et al. (2017). The model solu-
tions exhibit a saturating trend for large wind speeds consistent with the observations, within the scatter of
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Figure 3. (a) Whitecap coverage solutions as a function of wind speed, color coded by wave age. The green, orange,
and gray dashed lines show the parameterizations by Brumer et al. (2017), Callaghan et al. (2008), and Schwendeman
and Thomson (2015), respectively. The yellow squares correspond the data by Holthuijsen et al. (2012). (b) Rate of
entrained air volume per unit area of ocean surface (Va, small circles) normalized by the peak phase speed (cp) as a
function of friction velocity normalized by the ballistic velocity (cp∕Hs)1/2. Data are plotted over the figure by (Deike
et al., 2017), color coded by the significant slope criteria (Hskp = Hsg∕c2

p).

the data by Holthuijsen et al. (2012). The saturation of Λ and its moments comes from its dependence on
exp(−Bbr∕B(k)), which tends to saturate as the equilibrium range level increases with increasing wind speed.

The rate of entrained air volume per unit surface area Va normalized by peak wave speed cp is plotted in
Figure 3b as a function of the friction velocity u* normalized by the ballistic velocity

√
gHs for winds between

4 and 16 m/s. The data are plotted over the values obtained by Deike et al. (2017) based on field measure-
ments of Λ(c). The model results show good agreement with Deike et al. (2017). The air entrainment rate
computations within WW3 can be easily extended to model the bubble-mediated gas transfer of CO2 based
on the work by Deike and Melville (2018).

3.4. Wave-Current Interactions
The wave breaking variability due to wave-current interactions is investigated with the regional model con-
figuration in Northern California as described in section 2.3. Romero et al. (2017) collected novel field
observations of directional wavenumber spectra and wave breaking statistics across the edge of an upwelling
jet, which overlapped with a narrow area with enhanced wave breaking along a submesoscale front. Here I
focus on the wave breaking solutions across the upwelling jet/submesoscale front. A snapshot of the model
whitecap coverage is plotted to compare the field observations in Figure 4a. The modeled whitecap cover-
age is qualitatively consistent along the flight track across the jet/front, with significant differences toward
the northeastern part of the sampling region. The location of the submesoscale front is shown with a thick
black line at the edge of the jet. The observed whitecap coverage exhibits considerably larger spatial variabil-
ity than the model solutions likely in part due to statistical sampling and submesoscale current variability
not resolved by the HF radar. The model solutions of Λ(c) on either side of the submesoscale front along the
flight track crossing the front are shown in Figure 4b in qualitative agreement against the field observations
for c > 3 m/s. At lower speeds, the observed Λ(c) distributions from visible imagery roll-off much faster. The
Λ(c) distributions are larger on the colder side of the front primarily due to direct forcing and straining of the
waves by the currents across the upwelling jet. The effect of relative winds against spatially homogeneous
winds is small, which can be seen by comparing the thick and thin red and blue lines in Figure 4b.

4. Discussion
The results demonstrate that the new dissipation model based on Λ gives excellent wave model perfor-
mance with spectra characterized by two power law regimes (equilibrium and saturation) consistent with
empirical data, and directional spreading consistent with that reported by RM10. Moreover, the directional
distribution of the spectrum above the spectral peak is bimodal with lobe separations consistent with RM10.
The bimodality is mainly due to the modulation transfer function which dissipates more energy in the
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Figure 4. (a) Snapshot of modeled whitecap coverage W compared to the measurements by Romero et al. (2017;
circles). The gray arrows show the HF radar surface currents. The black arrow shows the wind direction and the thick
black line indicates the location of the observed submesoscale front at the edge of the upwelling jet. (b) Model and
observed Λ(c) across the submesoscale front. The red (pink) and blue (light blue) lines correspond to model solutions
(observations—R17) on the warm and cold sides of the front, respectively. The model solutions shown with thick lines
where forced with homogeneous winds as opposed to those forced with relative winds (RW) shown with thick lines.
For reference, see Λ(c) sampling flight tracks in Romero et al. (2017, Figure 7e).

direction of the longer dominant waves, which favors the nonlinear energy fluxes (Peureux et al., 2018). This
has important implications for directionality of the mean squared slope and the prediction of microseisms
(Munk, 2009) and will be explored elsewhere.

An advantage of a dissipation model based on Λ is that it can be directly used to calculate the various wave
breaking related parameters and air-sea fluxes, including the effects of wave-current interactions. The test
case presented with wave-current interactions based on relatively coarse HF radar currents gave reduced
spatial variability of breaking compared to the observations. This is further explored here with a wave
model configuration with 100 m resolution, forced with currents from the Regional Ocean Modeling System
(Shchepetkin & McWilliams, 2005), and the Weather Research and Forecasting Model. Figure 5a shows a
snapshot of simulated whitecap coverage (W) off the central coast of California with substantial variability
due to wave-current interactions. Figure 5b shows a zoom over an area with enhanced wave breaking qual-
itatively similar to the photograph in Romero et al. (2017; Figure 1). The “line” of increased wave breaking
overlaps with a submesoscale front with strong horizontal shear, surface convergence, and strong down-
welling (Figures 5c and 5d). These effects are consistent with Rascle et al. (2017) who showed that the
mean squared slope is enhanced along fronts in conditions with winds blowing obliquely to the front due
to increased wave straining downwind by the current gradients. Similarly, the line of enhanced wave break-
ing in Romero et al. (2017) occurred in conditions with winds obliquely aligned with a submesoscale front.
As discussed by Romero et al. (2017) enhanced wave breaking over submesoscale fronts with strong sur-
face convergence and downwelling velocities have potentially important implications for gas transfer. This
and a wide range of phenomena due to wave breaking modulated air-sea fluxes including feedbacks can be
investigated with a coupled atmospheric-wave-ocean model within the framework of this study.

Finally, as discussed earlier, this study assumes that the observed speeds of the breaking waves (cbr) corre-
sponds to the linear phase speed (c). But laboratory measurements suggest that cbr = 𝛼 c, with 𝛼 between
0.7 and 0.95. This implies that the observed Λ(cbr) when converted to Λ(c) becomes

Λ(c) = Λ(cbr)||𝛼c
𝜕cbr

𝜕c
. (34)

Then assuming that Λ(cbr) ∼ c−6
br as approximately supported by the observations, equation (34) would

give Λ(c) ∼ 𝛼−5c−6. In that case, in order to maintain the same level of dissipation within the model while
matching the observed Λ with 𝛼 ≠ 1, the parameters l and A would have to be adjusted accordingly with
compensating factors 𝛼−5 and 𝛼5, respectively. This would increase Λ(c) by a factor between 6 and 1.3 and
reduce b by a factor between 0.16 and 0.77 for values of 𝛼 = 0.7 and 0.95, respectively. However, this level
of uncertainty is well within the uncertainty of the empirical scaling of Λ′ (Figure 2d), and also within the
scatter of the observed variability of the strength of breaking from laboratory experiments (Romero et al.,

ROMERO 10,471



Geophysical Research Letters 10.1029/2019GL083408

Figure 5. (a) Simulated whitecap coverage along the central coast of California. (b) Zoom over area with enhanced
wave breaking, with corresponding vorticity normalized by the Coriolis parameter (c) and vertical velocity (d).
The large arrow in (b)–(d) show the mean wind direction. The arrows in (c) show the surface currents.

2012; Wang & Wijesekera, 2018). It is expected that the uncertainties will become smaller in the future
as more measurements become available and new techniques are developed. The interested reader may
refer to the supplemental material for additional plots that show the spectral strength of breaking and its
effective value against field measurements by Zappa et al. (2016) and references within. Other plots show the
azimuth-integrated dissipation Sds(k), and the product b(c)Λ(c) comparing favorably with expected power
laws within the equilibrium range according to Phillips (1985).

5. Conclusions
This study describes a model of Λ suitable for coupled atmosphere-wave-ocean models. The wave breaking
model depends on the spectral saturation and is based on Gaussian statistics of the lengths of crests exceed-
ing wave slope criteria. The breaking modulation due to long wave-short wave interaction is incorporated
nonlinearly through the cumulative mean squared slope. Direct modulation by the wind is included at large
wavenumbers to match the wind input and ensure a saturation level consistent with the observations. A
wave breaking dissipation based onΛwas implemented in WW3 within the source term package by Ardhuin
et al. (2010). The wave model performance is excellent, producing spectra with approximately two power
law regimes, an equilibrium range (𝜙 ∼ k−5/2) followed by a saturation range (𝜙 ∼ k−3). The wave model
gives directional spreading rates very similar to those reported by RM10, including solutions forced by the
exact nonlinear resonant interactions which typically result in much narrower spectra (Romero & Melville,
2010b).

The Λ(c) model is consistent with the field observations by SM13. The derived whitecap agrees with recent
empirical parameterizations for wind speeds between 4 and 35 m/s, saturating at higher winds. The mod-
eled rate of air entraining agrees with the calculations by Deike et al. (2017) from measurements of Λ(c).
Wave breaking variability due to wave-current interactions was investigated with currents measured by
HF radar. The results are qualitatively consistent with the measurements by Romero et al. (2017), but the
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measurements exhibit substantially more variability at small scales, likely due to statistical sampling and
submesoscale current variability not resolved by the HF radar.

References
Alves, J.-H. G. M., & Banner, M. L. (2003). Performance of a saturation-based dissipation-rate source term in modeling the fetch-limited

evolution of wind waves. Journal of Physical Oceanography, 33, 1274–1298.
Ardhuin, F., Rogers, E., Babanin, A. V., Filipot, J.-F., Magne, R., Roland, A., et al. (2010). Semiempirical dissipation source functions for

ocean waves. Part I: Definition, calibration, and validation. Journal of Physical Oceanography, 40(9), 1917–1941.
Ardhuin, F., Gille, S. T., Menemenlis, D., Rocha, C. B., Rascle, N., Chapron, B., et al. (2017). Small-Scale Open Ocean Currents Have Large

Effects on Wind Wave Heights. Journal of Geophysical Research: Oceans, 122, 4500–4517.
Banner, M. L., Gemmrich, J. R., & Farmer, D. M. (2002). Multiscale measurements of ocean wave breaking probability. Journal of Physical

Oceanography, 32, 3364–3375.
Banner, M. L., & Morison, R. P. (2010). Refined source terms in wind wave models with explicit wave breaking prediction. Part I: Model

framework and validation against field data. Ocean Modelling, 33(1-2), 177–189.
Banner, M. L., & Peirson, W. L. (2007). Wave breaking onset and strength for two-dimensional deep-water wave groups. Journal of Fluid

Mechanics, 585, 93.
Banner, M. L., Zappa, C. J., & Gemmrich, J. R. (2014). A note on the Phillips spectral framework for ocean whitecaps*. Journal of Physical

Oceanography, 44(7), 1727–1734.
Becker, J. J., Sandwell, D. T., Smith, W. H. F., & Braud, J. (2009). Global bathymetry and elevation data at 30 arc seconds resolution: SRTM30

PLUS. Marine Geodesy, 32, 355–371.
Brumer, S. E., Zappa, C. J., Brooks, I. M., Tamura, H., Brown, S. M., Blomquist, B. W., et al. (2017). Whitecap coverage dependence on wind

and wave statistics as observed during SO GasEx and HiWinGS. Journal of Physical Oceanography, 47(9), 2211–2235.
Callaghan, A. H. (2018). On the relationship between the energy dissipation rate of surface-breaking waves and oceanic whitecap coverage.

Journal of Physical Oceanography, 48(11), 2609–2626.
Callaghan, A., De Leeuw, G., Cohen, L., & O'Dowd, C. D. (2008). Relationship of oceanic whitecap coverage to wind speed and wind history.

Geophysical Research Letters, 35, L23609. https://doi.org/10.1029/2008GL036165
Cavaleri, L., & Malanotte-Rizzoli, P. (1981). Wind-wave prediction in shallow water. Journal of Geophysical Research, 86, 10,961–10,973.
Chen, G., & Belcher, S. E. (2000). Effects of long waves on wind-generated waves. Journal of Physical Oceanography, 30, 2246–2256.
Deike, L., Lenain, L., & Melville, W. K. (2017). Air entrainment by breaking waves. Geophysical Research Letters, 44, 3779–3787. https://

doi.org/10.1002/2017GL072883
Deike, L., & Melville, W. K. (2018). Gas transfer by breaking waves. Geophysical Research Letters, 45, 10,482–10,492. https://doi.org/10.

1029/2018GL078758
Donelan, M. A. (2001). A nonlinear dissipation function due to wave breaking. In Proceedings of ecmwf workshop on ocean wave forecasting,

2-4 july, Shinfield Park, pp. pages 87–94.
Drazen, D. A., Melville, W. K., & Lenain, L. (2008). Inertial scaling of dissipation in unsteady breaking waves. Journal of Fluid Mechanics,

611, 307–332.
Duncan, J. H. (1981). An experimental investigation of breaking waves produced by a towed hydrofoil. Proceedings of the Royal Society of

London. Series A, 377(1770), 331–348.
Duncan, J. H. (1983). The breaking and non-breaking wave resistance of a two dimensional hydrofoil. Journal of Fluid Mechanics, 126,

507–520.
Farmer, D. M., McNeil, C. L., & Johnson, B. D. (1993). Evidence for the importance of bubbles in increasing air-sea gas flux. Nature, 361,

620–623.
Gemmrich, J. R., Banner, M. L., & Garrett, C. (2008). Spectrally resolved energy dissipation rate and momentum flux of breaking waves.

Journal of Physical Oceanography, 38(6), 1296–1312.
Grare, L., Lenain, L., & Melville, W. K. (2013). Wave-coherent airflow and critical layers over ocean waves. Journal of Physical Oceanography,

43(10), 2156–2172.
Guimaraes, P. V. (2018). Sea surface and energy dissipation. (Unpublished doctoral 497 dissertation). Université Bretagne Loire.
Hasselmann, K., Barnett, T. P., Bouws, E., Carlson, H., Cartwright, D. E., Enke, K., et al. (1973). Measurements of wind-wave growth and

swell decay during the Joint North Sea Wave Project (JONSWAP) (Vol. 46, Tech. Rep.). Hamburg: Deutches Hydrographisches Institut.
Hasselmann, S., & Hasselmann, K. (1985). Computations and parameterizations of the nonlinear energy transfer in a gravity-wave

spectrum. Part II: Parameterizations of the nonlinear energy transfer for application in wave models. Journal of Physical Oceanography,
15, 1378–1391.

Holthuijsen, L. H., Powell, M. D., & Pietrzak, J. D. (2012). Wind and waves in extreme hurricanes. Journal of Geophysical Research, 117,
1–15. https://doi.org/10.1029/2012JC007983

Hwang, P. A., & Sletten, M. A. (2008). Energy dissipation of wind-generated waves and whitecap coverage. Journal of Geophysical Research,
113, C02012. https://doi.org/10.1029/2007JC004277

Hwang, P. A., Wang, D. W., Walsh, E. J., Krabill, W. B., & Swift, R. N. (2000). Airborne measurements of the wavenumber spectra of ocean
surface waves. Part II: Directional distribution*. Journal of Physical Oceanography, 30, 2768–2787.

Janssen, P. A. E. M. (1991). Quasi-linear theory of wind-wave generation applied to wave forecasting. Journal of Physical Oceanography,
21, 1631–1642.

Kaplan, D. M., & Largier, J. (2006). HF radar-derived origin and destination of surface waters off Bodega Bay, California. Deep-Sea Res. Part
II: Topical Studies in Oceanography, 53(25-26), 2906–2930.

Kaplan, D. M., Largier, J., & Botsford, L. W. (2005). HF radar observations of surface circulation off Bodega Bay (northern California, USA).
Journal of Geophysical Research, 110, C10020. https://doi.org/10.1029/2005JC002959

Kleiss, J. M., & Melville, W. K. (2010). Observations of wave breaking kinematics in fetch-limited seas. Journal of Physical Oceanography,
40, 2575–2604.

Lenain, L., & Melville, W. K. (2017). Measurements of the directional spectrum across the equilibrium saturation ranges of wind-generated
surface waves. Journal of Physical Oceanography, 47, 2123–2138.

Liu, Q., Rogers, W. E., Babanin, A. V., Young, I. R., Romero, L., Zieger, S., et al. (2019). Observation-based source terms in the
third-generation wave model WAVEWATCH III: Updates and verification. Journal of Physical Oceanography, 49(2), 489–517.

Loewen, M. (2002). Inside whitecaps. Nature, 418, 830.

Acknowledgments
The model WaveWatchIII (v5.16) with
the implementation of the Λ-based
dissipation (STX) is available at
https://github.com/Leonel-Romero/
WW3-Lambda website. The repository
includes scripts to run the idealized
cases and the regional configuration
with the data used for validation. This
work was supported by a grant from
ONR (N00014-16-1-2936). I appreciate
the encouragement from Ken Melville
to pursue this work. I also thank Jim
McWilliams and Delphine Hypolite for
providing the bathymetry, surface
currents from ROMS, and winds from
WRF needed to generate Figure 5 in
section 4. Realistic model runs were
carried out on DoD HPC resources. I
am grateful to the Kavli Institute for
Theoretical Physics, supported by NSF
under Grant No. NSF PHY-1748958,
and the program “Planetary Boundary
Layers in Atmospheres, Oceans, and
Ice on Earth and Moons,” where part
of this work was completed.

ROMERO 10,473

https://doi.org/10.1029/2008GL036165
https://doi.org/10.1002/2017GL072883
https://doi.org/10.1002/2017GL072883
https://doi.org/10.1029/2018GL078758
https://doi.org/10.1029/2018GL078758
https://doi.org/10.1029/2012JC007983
https://doi.org/10.1029/2007JC004277
https://doi.org/10.1029/2005JC002959
https://github.com/Leonel-Romero/WW3-Lambda
https://github.com/Leonel-Romero/WW3-Lambda


Geophysical Research Letters 10.1029/2019GL083408

Long, C. E., & Resio, D. T. (2007). Wind wave spectral observations in Currituck Sound, North Carolina. Journal of Geophysical Research,
112, C05001. https://doi.org/10.1029/2006JC003835

Longuet-Higgins, M. S. (1957). The statistical analysis of a random, moving surface. Philosophical Transactions of the Royal Society of
London A, 249(966), 321–387.

Melville, W. K. (1994). Energy dissipation by breaking waves. Journal of Physical Oceanography, 24(10), 2041–2049.
Melville, W. (1996). The role of surface-wave breaking in air-sea interaction. Annual Review of Fluid Mechanics, 28(1), 279–321.
Munk, W. (2009). An inconvenient sea truth: Spread, steepness, and skewness of surface slopes. Annual Review of Marine Science, 1(1),

377–415.
Perlin, M., Choi, W., & Tian, Z. (2013). Breaking waves in deep and intermediate waters. Annual Review of Fluid Mechanics, 45(1), 115–145.
Peureux, C., Veras-Guimaraes, P., & Ardhuin, F. (2018). A modulation source term for short ocean waves numerical modelling. In Egu

general assembly conference abstracts, 20, Vienna, Austria, pp. 16494.
Phillips, O. M. (1977). The dynamics of the upper ocean (Vol. 2). Cambridge: Cambridge University Press.
Phillips, O. M. (1985). Spectral and statistical properties of the equilibrium range in wind-generated gravity waves. Journal of Fluid

Mechanics, 156, 505–531.
Rapp, R. J., & Melville, W. K. (1990). Laboratory measurements of deep-water breaking waves. Philosophical Transactions of the Royal

Society of London A, 331(1622), 735–800.
Rascle, N., Molemaker, J., Marié, L., Nouguier, F., Chapron, B., Lund, B., & Mouche, A. (2017). Intense deformation field at oceanic

front inferred from directional sea surface roughness observations. Geophysical Research Letters, 44, 5599–5608. https://doi.org/10.1002/
2017GL073473

Resio, D. T., Long, C. E., & Vincent, C. L. (2004). Equilibrium-range constant in wind-generated wave spectra. Journal of Geophysical
Research, 109, C01018. https://doi.org/10.1029/2003JC001788

Romero, L. (2008). Airborne observations and numerical modeling of fetch-limited waves in the Gulf of Tehuantepec. San Diego: University
of California.

Romero, L., Lenain, L., & Melville, W. K. (2017). Observations of surface-wave-current interaction. Journal of Physical Oceanography, 47,
615–632.

Romero, L., & Melville, W. K. (2010a). Airborne observations of fetch-limited waves in the Gulf of Tehuantepec. Journal of Physical
Oceanography, 40(3), 441–465.

Romero, L., & Melville, W. K. (2010b). Numerical modeling of fetch-limited waves in the Gulf of Tehuantepec. Journal of Physical
Oceanography, 40(3), 466–468.

Romero, L., & Melville, W. K. (2011). Spatial statistics of the sea surface in fetch limited conditions. Journal of Physical Oceanography,
41(10), 1821–1841.

Romero, L., Melville, W. K., & Kleiss, J. M. (2012). Spectral energy dissipation due to surface-wave breaking. Journal of Physical
Oceanography, 42, 1421–1444.

Schwendeman, M., & Thomson, J. (2015). Observations of whitecap coverage and the relation to wind stress, wave slope, and turbulent
dissipation. Journal of Geophysical Research: Oceans, 120, 8346–8363. https://doi.org/10.1002/2015JC011196

Schwendeman, M., Thomson, J., & Gemmrich, J. R. (2014). Wave breaking dissipation in a young wind sea. Journal of Physical
Oceanography, 44(1), 104–127.

Shchepetkin, A. F., & McWilliams, J. C. (2005). The regional oceanic modeling system (ROMS): a split-explicit, free-surface,
topography-following-coordinate oceanic model. Ocean Modelling, 9, 347–404.10..

Stansell, P., & MacFarlane, C. (2002). Experimental investigation of wave breaking criteria based on wave phase speeds. Journal of Physical
Oceanography, 32, 1269–1283.

Sullivan, P. P., Romero, L., McWilliams, J. C., & Melville, W. K. (2012). Transient evolution of Langmuir turbulence in ocean bBoundary
layers driven by hurricane winds and waves. Journal of Physical Oceanography, 42(11), 1959–1980.

Sutherland, P., & Melville, W. K. (2013). Field measurements and scaling of ocean surface wave-breaking statistics. Geophysical Research
Letters, 40, 3074–3079. https://doi.org/10.1002/grl.50584

The WAVEWATCH III Development Group [WW3DG] (2016). User manual and system documentation of WAVEWATCH III version 5.16.
number=329, organization=NOAA/NWS/NCEP/MMAB, College Park, MD, USA. Technical note, MMAB Contribution, 276 (329), 326
pp. + Appendices.

Thomson, J., Gemmrich, J. R., & Jessup, A. T. (2009). Energy dissipation and the spectral distribution of whitecaps. Geophysical Research
Letters, 36, L11601. https://doi.org/10.1029/2009GL038201

Thorpe, S. A. (1982). On the clouds of bubbles formed by breaking wind-waves in deep water, and their role in air-sea gas transfer.
Philosophical Transactions of the Royal Society of London A, 304, 155–210.

Toba, Y. (1973). Local balance in the air-sea boundary processes III. Journal of the Oceanographical Society of Japan, 29, 209–220.
Tracy, B., & Resio, D. T. (1982). Theory and calculation of the nonlinear energy transfer between sea waves in deep water. Vicksburg,

Mississippi, USA: WIS Technical Report 11. US Army Engineer Waterways Experiment Station.
van Vledder, G. P. (2006). The WRT method for the computation of non-linear four-wave interactions in discrete spectral wave models.

Coastal Engineering, 53(2-3), 223–242.
Wang, D. W., & Wijesekera, H. W. (2018). Observations of breaking waves and energy dissipation in modulated wave groups. Journal of

Physical Oceanography, 48(12), 2937–2948.
Zappa, C. J., Banner, M. L., Morison, R. P., & Brumer, S. E. (2016). On the variation of the effective breaking strength in oceanic sea states

a. Journal of Physical Oceanography, 46(7), 2049–2061.
Zappa, C. J., Banner, M. L., Schultz, H., Gemmrich, J. R., Morison, R. P., Lebel, D. A., & Dickey, T. (2012). An overview of sea state conditions

and air-sea fluxes during RaDyO. Journal of Geophysical Research, 117, 1–23. https://doi.org/10.1029/2011JC007336
Zippel, S., & Thomson, J. (2017). Surface wave breaking over sheared currents: Observations from the Mouth of the Columbia River. Journal

of Geophysical Research: Oceans, 122, 3311–3328. https://doi.org/10.1002/2016JC012498

References From the Supporting Information

Sutherland, P., & Melville, W. K. (2015). Field measurements of surface and near-surface turbulence in the presence of breaking waves.
Journal of Physical Oceanography, 45(4), 943–965.

ROMERO 10,474

https://doi.org/10.1029/2006JC003835
https://doi.org/10.1002/2017GL073473
https://doi.org/10.1002/2017GL073473
https://doi.org/10.1029/2003JC001788
https://doi.org/10.1002/2015JC011196
https://doi.org/10.1002/grl.50584
https://doi.org/10.1029/2009GL038201
https://doi.org/10.1029/2011JC007336
https://doi.org/10.1002/2016JC012498

	Abstract
	Plain Language Summary


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




