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Figure 16. Vertical profiles of the momentum eddy diffusivity computed from 〈u′w〉 =
−Kmd〈u〉/dz near the water surface. The dotted line is the maximum breaker penetration
depth. The different simulations are: �, Couette; ⊗, B-000; , B-028; �, B-080; �, B-100.

The turbulent kinetic energy (TKE) budget provides additional insight into how
breaking couples to the turbulence fields. Under the assumption of a statistically
steady flow, the budget for the TKE q2/2 = u′
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where terms on the right-hand side are the usual ones: turbulent transport of kinetic
energy, pressure transport, viscous diffusion, production, and viscous dissipation.
〈Aou

′〉 is the new breaker work term. In the above budget, the time tendency of
TKE is zero for simulations with constant-stress or -current boundary conditions
and no breaking. However, similar to the budget of horizontal mean momentum, the
time tendency of q2 is small but finite near the water surface in the case with 100%
breaking; ∂〈q2/2〉/∂t contributes about 6% to the budget. For clarity, we do not
present the vertical profile of this term.

In figure 17, we show the different terms in the budget for the Couette, B-000,
and B-100 simulations over the depth from z/λ= −1 to 0. The vertical profiles
of the various terms in the Couette case agree quite well with other DNS (e.g.
Papavassiliou & Hanratty 1997); near the upper surface the budget is primarily a
balance between viscous dissipation and production with small contributions from the
viscous diffusion and turbulent transport terms. In the τ-driven flow (no breakers) the
balance of terms is similar with even smaller contributions from turbulent transport
and viscous diffusion.
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Figure 17. Vertical profiles of the terms in the turbulent kinetic energy (TKE) budget (see
(6.4)) for three different cases: (a) Couette flow, (b), τ -driven flow with no breakers (B-000),
and (c) τ -driven flow with 100% breaking (B-100). Lines with symbols denote terms in the
TKE budget: �, shear production; ⊗, viscous dissipation; , pressure transport; �, viscous
diffusion; �, turbulent transport; and �, breaker work. For case B-100 the breaker depth is
denoted by a dotted line and the scale of the x-axis is wider. All terms are normalized by
u3

∗/H .

In case B-100, breaking waves are observed to alter the magnitude and sign
of several terms in the TKE budget and as a result the usual balance of
production ≈ dissipation for a shear flow is disrupted in the near-surface region.
As expected, the primary source of TKE near the water surface is breaker work
(figure 17c), and the turbulence dynamics respond by increasing the dissipation and
enhancing the turbulent transport. Note that individually the magnitudes of Tt and Bw

can exceed ε. In the breaking region, turbulent transport is a significant contributor
to the TKE budget, in contrast to the no breaker cases where Tt is small for all z.
Notice that at the maximum depth of penetration of the breakers (z/λ= −0.2), Tt

is a source of TKE and is of comparable magnitude to the shear production; these
two terms approximately balance the dissipation at this depth. Yet, the variation
of Tt is complex as it switches sign as z → 0 and becomes a significant TKE sink
helping to balance the breaker work as shown in figure 18. Close to the water surface
(figure 18) the sum Prod + Tt + Pt + ε + Vd serves as a sink to balance Bw . It is
interesting to compare the present results with the assumptions made in the second-
order closure models of Craig & Banner (1994) and Craig (1996). In these models,
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Figure 18. Vertical profiles of selected terms in the TKE budget for the simulations with
100% breaking. Lines with symbols denote the following terms: ⊗, viscous dissipation; �,
turbulent transport; and �, breaker work. The sum Tt +Pt +Vd +Prod+ε, indicated by a heavy
dashed line, balances the breaker work very near the water surface. All terms are normalized
by u3

∗/H .

the vertically distributed effects of breaking are compressed into a surface boundary
condition. TKE is injected into the water column at z = 0 and diffuses vertically by
the assumption of a downgradient model for the turbulent transport, i.e. Tt ≈ ε. Our
computed budgets confirm that Tt is an important component in the TKE balance in
the presence of breaking and that it can be a source of TKE for z/λ< −0.2. Yet, our
TKE budget is a complex balance of terms in the breaking region, and these results do
not support the assumption Tt ≈ ε as in the second-order closure models (figures 17c

and 18).

7. Conclusions
In this study, we used laboratory and field data to guide the development of a

stochastic model of the effects of breaking surface gravity waves on the oceanic
boundary layer. The parameterized breakers are 3D, time-dependent, and randomly
distributed at the surface of the water. Critical constants in the breaker parameteri-
zation are the breaker strength and depth penetration length. This model is
implemented in direct numerical simulations and evaluated in two classes of canonical
flows: still fluid driven by an isolated breaker and idealized oceanic boundary layers
with variable surface forcing.

We find that the single-breaker model is reasonably robust to changes in its
parameterizations and is able to reproduce bulk features of an isolated breaking
event. The decay of the mean-flow kinetic energy, the spatial and temporal flow
patterns, and the formation of a coherent vortex beneath the water surface all agree
reasonably well with laboratory data. Remnants of this vortex persist for at least 50
wave periods.
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Highly intermittent active breaking (less than 2% of the water surface) has a
significant impact on the near-surface currents in simulations of oceanic boundary
layers. A vigorous, coherent, downwelling–upwelling pattern develops with each
breaking event, and the lifetime of this flow structure is tens of wave periods. Breaking
is found to induce high levels of turbulence, increase mixing, and promote vertical
momentum transport near the water surface. Increased vertical velocity variances are
observed down to a depth of z/λ= −0.6, where λ is the wavelength of the breaking
wave. The effects of wave breaking are also readily visible in vertical profiles of
the mean horizontal current. Compared to simulations driven by uniform stress,
the current profiles with breaking show a large increase in surface roughness zo;
with 100% breaking zo is 30 times larger and scaled by the breaker wavelength
zo/λ≈ 0.05. The budget of turbulent kinetic energy in the region of breaking waves
is dominated by turbulent transport, dissipation, and breaker work, but the shear
production, pressure transport and viscous diffusion remain non-negligible. At the
maximum depth of penetration of breaking waves, turbulent transport is a source
of turbulent kinetic energy and of comparable magnitude to the shear production.
As z → 0, turbulent transport switches sign, and breaker work is balanced by the
sum of shear production, pressure and turbulent transports, viscous diffusion, and
dissipation.
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