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1. Introduction  
Over the past decade, the overall turbulent kinetic energy (TKE) dissipation rate in the 
upper ocean has been measured, and these measurements have revealed greatly enhanced 
levels over conventional rough wall estimates (eg. Terray et al, 1996, Gemmrich and 
Farmer, 2004). This enhancement has been attributed primarily to wave breaking. 
Further, according to available knowledge, almost the entire wind input momentum and 
energy fluxes to the waves leave the wave field locally via wave breaking to drive 
currents and generate turbulence, respectively, in the upper ocean (Donelan, 1998). This 
suggests strongly that dissipation through wave breaking is a very significant process in 
the wind wave evolution process. Yet, it remains the least well-understood source term, 
in relation to the other two source terms – wind input and nonlinear spectral transfer.  

Wave breaking in deep water is due to wave energy focusing (convergence), and often 
occurs at the envelope maxima of wave groups (Holthuijsen and Herbers, 1986). 
Breaking produces complex overturning of the sea surface, leading to enhanced 
interfacial fluxes (eg. Melville, 1994). The highly nonlinear nature of breaking in 
physical space presents substantial challenges for modeling this process in the customary 
phase-unresolved spectral domain used in contemporary wind wave evolution models.  

Nevertheless, from the observational perspective described in the opening paragraph, it 
appears compelling to seek a plausible modeling framework for representing wave 
breaking influence at different spectral scales in modern sea state forecast models. This 
contribution first describes a particularly interesting field data set, and then how it allows 
a refinement of the source terms for wind input and dissipation that provides a self-
consistent account of the observations. This is part of our ongoing effort to extend 
spectral modeling to provide more reliable and informative severe sea state forecasts that 
include breaking waves. 
 
2. Observations and modeling objectives 

2.1 Available field observations 
The breaking wave data used in this study was reported in preliminary form by 
Gemmrich (2005). In brief, the FAIRS (Fluxes, Air-Sea Interaction and Remote Sensing) 
experiment took place in September-October 2000 from aboard the research platform 
FLIP, roughly 150 km off Monterey, California. Two downward looking monochrome 
video cameras mounted on the starboard boom recorded whitecap events. There were 
synchronous measurements of wind speed and direction, wind stress and wave height. 
Figure 1 summarizes the observed conditions and salient data. A unique feature of this 
data set is the measurements of wave breaking statistics for a developing wind sea 
(U10/cp~1.2), in addition to those for mature sea conditions. Such data for growing wind 
seas was not previously available.  
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Figure 1. Significant wave height (Hs) and wind stress (τ) during the FAIRS experiment. 
The wind direction was around 300o for most of the observational period. Periods 1 
(growing seas) and 3 (mature seas) are of particular interest in this study, during which 
the mean wind was measured to be 12 m/s. 
 
Figure 2 below summarizes the differences in the breaking probabilities between 
developing (U10/cp~1.2) and mature seas (U10/cp<0.9). The crucial feature evident for the 
developing seas is the significant breaking occurring at the spectral peak wave scales. 
Note that according to all variants of the wind input source term, there is relatively low 
wind input to the spectral peak waves for U10/cp~1.2, yet the observations confirm the 
presence of dominant wave breaking, as measured by the breaker speeds. This excludes 
the possibility that these are shorter waves breaking at the crests of the dominant waves.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Probability distribution of breaking waves as a function of wave speed relative 
to the spectral peak, for period 1 (growing seas) and 3 (mature seas). Note that breaking 
events occur at the spectral peak (0.8<cbrk/cp<1.2) for period 1, but not for period 3. 
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2.2 Modeling objectives 

These observations add significantly to existing benchmarks for realistic research wind 
wave model predictions. These benchmarks now comprise: 
I.  evolution of mean wave energy and peak frequency 
II.  spectral tail properties: mean directional spreading with k/kp; spectral saturation; level 
and exponent of 1D transect k-spectrum 
III.  a check on relative size of wave-induced stress level in computational domain  
IV.  prediction of breaking crest length/unit area spectral density at different wave ages. 

Our present goal is to be able to reproduce the observed properties in I-IV above using 
numerical forecasts based on our wind wave model source terms, as described below.  
 
3. Overview of wind wave modeling approach  

3.1 Radiative transfer equation  
The spectral evolution of the wave height spectrum was computed via the radiative 
transfer equation (deep water, no currents): 

 totSFgct
F =∇⋅+∂

∂        (1) 

where F = F(k,θ) is the directional wave spectrum,  cg is the group velocity. The total 
source term Stot = Sin + Snl + Sds, where Sin is the atmospheric input spectral source term, 
Snl is the nonlinear spectral transfer source term representing nonlinear wave-wave 
interactions and Sds is the spectral dissipation rate, primarily due to wave breaking. 

3.1.1 Wind input source term Sin

The magnitude and spectral composition of the wind input source term Sin remains 
imprecisely known, despite very considerable observational and theoretical study over 
the past few decades. In the context of developing a model framework for forecasting 
breaking properties, we investigated a number of proposed Sin formulations. The forms of 
Sin we implemented were (i) Hsiao-Shemdin (1983) and (ii) Janssen (1991). We note that 
(i) is based on a set of field observations using a wave-follower while (ii) is based on the 
critical layer theory of Miles (1957) and is tuned closely to available field measurements 
of Snyder et al (1981) and laboratory measurements (Plant, 1982). The differences 
between these are indicative of the level of uncertainty between nominal Sin forms used 
in different contemporary wave models. Figure 3 below compares their nondimensional 
growth rates β  for developing and mature wind seas. Note that they differ considerably 
as regards their spectral levels for weakly and strongly forced scales.  

We made a minor modification to the Janssen (1991) input source term that is in the spirit 
of the notion of sheltering (eg. Makin and Kudryavtsev, 2001), amongst others. This 
reduces the driving stress to the shorter waves due to reduction of part of the wave stress 
by the longer waves. It allowed us to fine tune the integrated wind input energy flux to 
balance the integrated energy loss rate due to breaking. This is an important validation 
check for the modeling, and we found that our sheltering algorithm provided wind stress 
estimates that agreed very closely with the observed levels as the wind sea aged. The 
nonlinear transfer term had zero net integral at all times. The modified input growth rate 
used in our calculation is also shown in Figure 3.  
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Figure 3. Plot showing the considerable differences between the spectral growth rate β of 
selected commonly implemented forms of Sin for maturing seas (U10/cp~1.0). The 
modified Janssen91 curve shows the extent of sheltering introduced for the slower 
moving, shorter wave components. This is sufficient to align the computed windstress 
with observed levels. 

 
3.1.2 Nonlinear spectral transfer source term Snl

We used the ‘exact’ form of Snl to avoid the known errors associated with ‘discrete 
interaction approximation’ implementations in use operationally. The version used is a 
recent update (Don Resio, private communication) of Tracy and Resio (1982) that has 
directional coverage of ±180o.  

3.1.3 Spectral dissipation rate term Sds

We used a saturation based form of Sds evolved from the form discussed by Alves and 
Banner (2003). This form was motivated by the observed threshold behavior reported by 
Banner et al. (2002) for the wave breaking probability in the spectrum. This was defined 
as the ratio of the passage rate past a fixed point of breaking crests with velocities in (c, 
c+dc) to the passage rate past a fixed point of all wave crests with velocities in (c, c+dc).  
The sea state threshold variable was the azimuth-integrated spectral saturation 

= (2π))k(k)k( Φ= 4σ 4f 5F(f)/2g2, normalized by the mean spectral spreading width 
)k(θ . Here Φ(k) and F(f) are the spectra of wave height as a function of scalar 

wavenumber and frequency, respectively. The observed breaking probabilities for 
different centre frequencies relative to the spectral peak were then found to have a well-
defined threshold behaviour, with a common breaking threshold value Tσ~  ~ 0.0045, as 
seen in Figure 4 below, reproduced from (Banner et al., 2002). 

Based on the strongly thresholded behaviour indicated by these observations of breaking 
probability, we refined the Sds(k) term proposed by Alves and Banner (2003). This form 
embodies saturation threshold behaviour, based on treating waves in different directional 
spectral bands as nonlinear wave groups. It is in the spirit of the nonlinear forms of Sds 
discussed thoughtfully by Donelan and Yuan in §II.4 of Komen et al. (1994).  
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Figure 4. Breaking probability fRWR against σ~ , the azimuth-integrated saturation 
normalized by the mean spectral spreading width θ for the range of non-dimensional 
centre frequencies fc/fp investigated: (a) fc/fp = 1.0 (b) fc/fp = 1.16 (c) fc/fp = 1.35 (d) fc/fp 
= 1.57 (e) fc/fp = 1.83 (f) fc/fp = 2.13 (g) fc/fp = 2.48.  Each data point is a one-hour data 
record from three North Pacific storms, as described in (Banner et al., 2002). Note the 
threshold behaviour and close correspondence between different spectral bands. 
 

The form of Sds used in this study is shown below. It uses a power law function of the 
normalized spectral saturation ratio to reflect the observed breaking threshold behaviour, 
and refines the form proposed by Alves and Banner (2003). The form used here is 

  (2) )F(k,)/(]~)~/)~~[(C),k(S c
mres

ba
TTds θωσσεσσσσθ +−=

In (2) σ and σ~  are the saturation and saturation normalized by the directional spreading 
width, T

~σ is threshold normalized saturation and mσ is the saturation at km, the mean 
wavenumber at the transition from the peak enhancement region to the spectral tail. The 
breaking threshold switching exponent a was taken as 2, with b taken as 0 and c taken as 
4, based on matching to the high wavenumber form of Sin(k). The tuning constant C was 
chosen to provide the optimal match to observed duration evolution data of the spectral 
peak energy and peak frequency (eg. Young, 1999). εres is a small background residual 
dissipation coefficient that is consistent with observed decay rates of swell leaving storm 
areas.  

This form of Sds based on the (smoothed) local saturation ratio refines the integral wave 
steepness threshold used in the quasilinear form of Sds presently used in most operational 
wave models.  

3.3 Extraction of breaking wave properties 

The observations provide measured spectral density of breaking crest length/unit area Λ 
against wave speed c, while the model output is Sds(k). The connection between the two is 
assumed to be given by the scalar form of equation (6.3) in Phillips (1985): 

   (3) dc)c(cgbdc)c(Sds Λ= − 51
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where the non-dimensional coefficient b reflects the breaking strength. Breaking of the 
dominant wind waves is known to attenuate short wave energy so the local scale 
association implicit in (3) is a potential over-simplification. Even in assuming (3), the 
dependence of b on wave variables is not yet understood. The expectation is that b should 
increase systematically with wave nonlinearity. In a recently submitted paper, Banner and 
Peirson (2006) found a strong correlation for b with the energy convergence rate within 
nonlinear wave groups. In the absence of more precise data at this time, a representative  
mean value of b=2.5x10-5 was assumed here, based on a detailed analysis of the FAIRS 
breaking measurements by Gemmrich (private communication) and described elsewhere 
in these proceedings.  

3.4 Full bandwidth computation of duration-limited wind wave evolution  

Computations of the directional wave spectrum were made for the full spectral bandwidth 
covering 0.02 Hz to 3.0 Hz, using the source terms described in §3.2 above. In this 
contribution we focus on the case of a steady forcing wind speed of U10 = 12 m/s, noting 
that during periods 1 and 3 annotated in Figure 1, the prevailing mean wind speed U10 
~12 m/s was blowing for 6-8 hours prior to the wave measurements reported here.  

Of particular interest was benchmark IV, a comparison of forecast and observed breaking 
wave properties, especially at the spectral peak where the form (3) is most likely to be 
valid. This particular comparison has not been undertaken previously. Not only does this 
provide a tighter constraint on the form of the spectral dissipation rate source term, but it 
has the additional benefit of reducing the uncertainty in the form of Sin, as is explained 
below. 

 
4. Results 

4.1 Preliminary validations 

We began by validating our model results for wave energy and spectral peak frequency 
against the duration-limited data trend curve given by Young (1999, §5.3.4) (benchmark I 
in §2.2). It is seen that our model closely reproduces these data trends. 

 
Figure 5.  Evolution of nondimensional mean wave energy (upper panel) and spectral 
peak frequency (lower panel) against nondimensional time for duration limited growth. 
The background dashed lines are the trends of the data collated by Young (1999). 
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The results for the additional benchmarks II and III in §2.2 are shown in Figures 6 and 7. 
These spectral measures have been checked against available data and are in close accord 
with these data.  

 
Figure 6.  The upper two panels show the spectral saturation (the azimuth averaged fourth 
moment of the wavenumber spectrum). The left panel shows how the saturation changes 
with distance from the spectral peak. The right panel shows the corresponding behaviour 
of the saturation normalized by the corresponding mean directional spreading width. The 
directional spreading properties are seen in the lower two panels. The weakly bimodal 
angular spreading distributions at various distances from the spectral peak are seen in the 
left panel, while the right panel shows how the mean spreading width varies with distance 
from the spectral peak. The angle shown is the half-width in degrees. The data in (d) is 
from Hwang et al. (2000). 
 

 
Figure 7. One-dimensional (k1) transect spectrum in the upwind-downwind direction, 
showing a close correspondence with the measured k1

-3 data trend of Melville and 
Matusov (2002), measured for very old wind seas in the 8-13 m/s range. 
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The remaining benchmark III is concerned with the relative size of wave-induced stress 
level in computational domain.  The sum of the wave stress and the viscous tangential  
stress equals the total wind stress, which was measured in the FAIRS experiment and is 
shown above in the lower panel of Figure 1.  

 

 
Figure 8.  Behavior of the normalized wave stress and viscous tangential stress as the 
wind sea ages. The viscous stress follows the estimate by Banner and Peirson (1998).  
 
 
The measured wind stress in Figure 1 is equivalent to a drag coefficient of 1.6x10-3 for 
developing seas during period 1 (wave age ~ 0.84) and 1.4x10-3 for the mature wind seas 
(wave age > 1.11) during period 3. The model results agree closely with these observed 
levels. 
 

4.2 Wave breaking forecasts 
This is the most challenging aspect of the model validation. The validation needs to 
reproduce the observed breaking statistics. Recent remotely sensed measurements of 
Λ(c), the spectral density of breaking crest length per unit area of sea surface, travelling 
with speeds in the range (c, c+dc), provide a suitable observational database. The spectral 
peak region provides for the most straightforward initial comparison, and we will 
concentrate on this region in this paper.  For slower moving shorter waves, it is very 
evident that the model results depart substantially from the observations, with the former 
increasing while the latter maximizes and then decreases towards slower wave speeds. 
The model behavior is constrained by equation (3), for which we can easily envisage the 
alternate possibility of a form with a nonlocal dependence. As an illustration, it is entirely 
consistent with observations that breaking longer waves attenuate short wave energy. 
This is additional to the short wave dissipation through their breaking. However, this will 
be left for a future paper, and we will focus on the spectral peak region where these issues 
do not arise.  

Figures 9 and 10 show the modeled and observed spectral distributions of Λ(c) for 
different wave ages. The behaviour at the spectral peaks of the developing seas (period 1 
where cpeak = 10 m/s) and mature seas (period 3 where cpeak=12.5 m/s) are the focus of the 
comparison. The model predictions for the shorter waves are clearly not in accord with 
the data, as foreshadowed above, and will be the subject of a future paper. The results 
indicate very encouraging agreement between observed and forecast levels during both of 
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these observational periods. Further such comparisons with data are now needed to 
establish the robustness of the modeling approach used here. 

 
Figure 9. Model forecast of breaking wave crest length spectral density Λ(c) at different 
wave ages during the evolution for U10=12 m/sec. Of particular interest are the red and 
dark blue curves, corresponding to the sea state wave age conditions during periods 1 and 
3, where the spectral peak speeds were 10 m/sec and 12.5 m/sec respectively. The green 
and cyan curves, for much younger seas, are included for interest.  

 
Figure 10. Measured breaking wave crest length spectral density Λ(c) for period 1 (blue 
circles and triangles) and period 3 (red circles) during the evolution for U10=12 m/sec. 
The red and blue arrows indicate the spectral peaks corresponding to the wave age 
conditions during periods 1 and 3, where the spectral peak speeds were 10 m/sec and 12.5 
m/sec respectively.  
 

A comparison of the observed and model results shows that the spectral peak level of 
Λ changes over an order of magnitude as the wave age cp/U10 changes from 0.83 (period 
1) to 0.96 (period 3). Underlying this transition is the source term balance, shown below 
in Figure 11. The interesting feature is that even though the wind input to the dominant 
waves decreases to well below the dissipation rate as the wave speed approaches the wind 
speed, the dominant wave saturation level (and steepness) remains sufficiently large for 
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the breaking to occur through nonlinear interactions (eg. wave group modulations), as 
reported in Banner and Peirson (2006).  This is built into our proposed form (2) for Sds. 

 

 
Figure 11. Source term balance for developing seas in period 1 (left panel) and maturing 
seas period 3 (right panel). Note the even for period 1, the spectral peak dissipation rate 
due to breaking is considerably larger than the wind input, as discussed in the text.  

 

A further validation check can be made on the related matter of total wave energy 
dissipation rate in the water column. During the FAIRS experiment, Gemmrich and 
Farmer (2004) made unique measurements of the dissipation rate just below the sea 
surface in the presence of the breaking waves. Using the Craig and Banner (1989) model 
to extrapolate over the wave boundary layer and mixed layer, they estimated the total 
dissipation rate during period 3 was about 6.5x10-4 m3sec-3. The corresponding level 
forecast for period 1 by our model is 5.5x10-4 m3sec-3, decreasing to 4.5x10-3 m3sec-3 for 
the developed seas in period 3.  

We note that in order to bring the model and observations into closer agreement, the 
strength of the wind input source function needs to be increased marginally, particularly 
for the spectral peak waves. Given that the field observations of the wind input source 
function are limited to wind speeds generally well below 10 m/sec, it is arguably timely 
to revisit the issue of wind input and extend the available database to stronger wind 
conditions.  

5. Conclusions 
The availability of spectral wave breaking data gathered synchronously with the usual 
wind and wave height data during the recent FAIRS field investigation has allowed a 
significant refinement to our understanding of the evolution of wind waves.  In particular 
it provides a strong constraint on the source terms representing the wind input and 
dissipation due to wave breaking.  

We have investigated the performance of a spectral dissipation rate source term based on 
the observed breaking threshold behaviour of the normalized spectral saturation. Overall, 
we were able to predict breaking properties of the dominant wind seas that matched the 
observations for developing and mature seas. This signals a significant advance that will 
allow the provision of additional sea state forecast information of societal benefit. 

The new breaking data for developing seas also serves to constrain the wind input source 
term far more closely than was possible previously. For example, we found that the 
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Hsaio-Shemdin (1983) form for the wind input is simply too weak in the spectral peak 
region to produce the observed wave energy growth and the observed dominant wave 
breaking levels for the developing wind seas.  

Using more physically realistic forms of the wind input source term and energy 
dissipation rate will benefit both the reliability and utility of wave forecasts, especially 
with the present goal of coupling wave models to the upper ocean. This model study 
highlights the need to refine present observational knowledge of the wave boundary 
layer, in addition to the wind input source term, during higher wind and sea state 
conditions. 
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