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Though the wave steepness in Table 1 in our manuscript is less than the classical
breaking criterion 1/7, the breaking effects require further arguments. In the following,
we explored the comprehensive tank experiments of Wei et al. (2018) concerning the
surface drag coefficient, have expanded our analysis to provide more quantitative
details on the effects of wave breaking, wind-driven turbulence, and Langmuir
turbulence. The discrepancy between the model results and observations in Fig. 4 in
our manuscript reveals that turbulence generation may be governed by complex
dynamical mechanisms. Though the above dynamical processes are all important in
the tank experiments, the shear instability of wave orbital motions appears to be the
dominant contributor to turbulence.

S1.1 Effects of wave breaking

In the paper of Wei et al. (2018), the effects of wave breaking were not addressed. A
separate series of laboratory experiments on the measurement of the surface drag
coefficient touched upon this issue (Wei, 2017). Figure (Fig. 3-4 of Wei, 2017) shows
that the surface drag coefficient increase with wind speed when wind speed at 15-30
m s-1. When the wind speed is larger than 30 m s-1, the surface drag coefficient shows
a marked drop. He further added to the wave tank a modest amount of foam
(produced by mixing dish soap and water) and half of the foam, in order to study the
influence of surface foam on the drag coefficient. Comparisons among the three
scenarios: not adding foam, adding half the foam and adding full foam show finer
details (Fig. 3-7 of Wei, 2017). Foam increases surface drag coefficient at low wind
speed. With wind speed increases, it decreases surface drag coefficient. The drag
coefficient does not change significantly when the wind speed exceeds 30 m s-1,
which is mainly due to the breaking foam of surface waves (Wei, 2017). His series of
laboratory measurements show that breaking effects are negligible, except when wind
speeds exceed 30 m s-1. For the final scenario, i.e., Experiment 2 in Table 1 in our
manuscript, precisely quantifying the effect of breaking is difficult, and his
experimental setup was not specifically designed to address this issue. Lamarre and
Melville (1991) measured the breaking entrainment depth and derived the result of
0.015 -0.05L L , and the measurements of Kalvoda et al. (2003) satisfy the results of
0.2Hs-0.5Hs. The latest experimental study found that the penetration depth of
breaking-wave-generated turbulence is 0.7Hs-0.9Hs (Mu et al., 2021), which is
consistent with the findings of Rapp and Melville (1990) and Hwang et al. (2016). So
the maximum wave-breaking penetration depth is approximately 5 cm for Experiment

2, which is about one-quarter to one-third of the observed dis depth, and the latter

can reach a depth of 15-20 cm (see Fig. 4 in our manuscript). So the breaking events
in Experiment 2 appear to be micro-breaking, rather than full wave breaking. This
does not imply that micro-breaking is absent in Experiment 1, and in realistic sea
states, wave breaking is perpetually present and, as such, constitutes an essential



2

dissipation source term in the modern widely-applied third-generation wave models.
Wei et al. (2018) may not have specifically addressed the effects of micro-breaking,
which we will evaluate in the discussion below.

S1.2 Estimates of the wave breaking, wind-driven TKE dissipation rate

In the following, we attempt to employ the parameterization approach of Wang and
Liao (2016) to derive somewhat quantitative estimates of the wind-driven near surface
TKE dissipation rate and compare them with our results for the wind-wave
Experiments 1-2 (see Table 1 in our manuscript). The measured turbulence in the top
layer on Lake Michigan (without noticeable wave breakers, i.e., whitecaps) is likely
due to the TKE production through wind shear, micro-breaking events of surface
waves by comparing with the Law-Of-the-Wall (LOW) scaling (Wang and Liao,
2016). Based on the arguments of the additional TKE flux from the wave breaking to
the wind shear (Terray et al.,1996; Sutherland and Melville, 2015), they proposed an
improved parameterization to include wave age in the scaling to account for its impact
on the near surface turbulent dissipation rate, i.e.,
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where Hs is the significant wave height, cp is the characteristic wave phase speed, u*w

is the water-side friction velocity, and Ag is the wave age defined as the ratio of the
characteristic wave phase speed to the friction velocity at air side, i.e., Ag ≡ cp /u*a.
Profiles of normalized dissipation rate were also compared with previous literature
observations.

In the numerical estimation below, only the second fraction in Eq. (S1) is
employed for the tank observation points of Wei et al. (2018) meet only the second
condition, i.e., x3/Hs > 0.4. Two parameters Hs and cp can be derived directly from
Table 1 in our manuscript, where the wave dispersion relation is applied. The air-side

u*a is calculated from the measured drag coefficient from Wei (2017), i.e., *a d 10u C U 

and the water-side friction velocity u*w is calculated by using a
*w *a

w

u u


  , where

a ,  w  represent the air density and water density, respectively. Figure S1 shows the

dependence of TKE dissipation rate of wind-driven turbulence (dashed lines) versus
layer depth in linear/logarithmic scale for wind wave conditions respectively. The
estimated TKE dissipation rates varies in the range of 10-7-10-4 m2 s-3, which are 1-2
orders of magnitude smaller than the laboratory observations of Wei et al. (2018). We
also note that, though the 10m wind speed U10 in the wind wave Experiments 1-2 is
much higher than that (2.7-14.3 m s-1) over the Lake Michigan, the estimated TKE
dissipation rates of wind-driven turbulence at a water depth of 10 cm are smaller than
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the observations over the lake. This is mainly due to the short wave age (0.77 and
0.57) in the wind wave Experiments 1-2 (the wind wave tank is only 16 m long with a
short fetch), which is much smaller than that (2.7 - 52.6) over the lake. In this context,
the influence of turbulence generated by wind shear and micro-breaking events in the
wind wave Experiments 1-2 can be considered negligible. And for the mixed wave
Experiment 3, the influence of the wind-driven turbulence component can also be
considered negligible.

Figure S1. Dependence of TKE dissipation rate dis (denoted as  in the figure)

versus layer depth. Observation data for wind waves (circles) are digitalized from Wei
et al. (2018). The estimations of the TKE dissipation rate of wave-generated
turbulence (Eq. (19) in our manuscript) and wind-driven turbulence (Eq. (S1)) are
shown with solid and dashed lines, respectively. Data are plotted in linear/logarithmic
scale on the horizontal/vertical axis.

S1.3 Estimates of the TKE dissipation rate of Langmuir turbulence

Polton and Belcher (2007), Grant and Belcher (2009) present a highly valuable
characteristics scaling of Langmuir turbulence by using the large-eddy simulation
(LES) scheme. When the Stokes drift of the wave field is sufficiently large compared
to the surface friction velocity, their scaling leads to unique profiles of
nondimensional dissipation rate. And the shapes of the LES dissipation profiles agree
well with the observations, the Langmuir numbers for these profiles are in the range
of 0.15-0.30 (Grant and Belcher, 2009). Based on the measured drag coefficient and
the calculated water-side friction velocity u*w stated above, as well as the Stokes drift

 2
S 3exp 2U KA Kx (Mcwilliams et al., 1997), we calculate the corresponding turbulent

Langmuir numbers for Experiments 1-3 (see Table S1 below). In the following, we
attempt to estimate the TKE dissipation rate resulting solely from the Stokes drift
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shear, including that for the swell Experiment 4. This leads us to adopt the turbulent
 - k  model (Yuan et al., 2013) and its equilibrium solutions to estimate, which is also

discussed in Appendix B in our manuscript where the shear term SM i
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So the Reynolds average of Eq. (S3) on wave motion is
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between the turbulent mixing length and the wave amplitude A. This reflects the
effective scale of turbulent eddy motion and mixing in a wave-influenced
environment. While this is a simplification, we deem it is a reasonable assumption for
the scope of this study. In the following Fig. S2, the estimated TKE dissipation rates
for Experiments 1-3 and the swell Experiment 4 in Table 1 are also shown.
Comparison with Fig. 4 in our manuscript indicates the TKE dissipation rates of
Langmuir turbulence are 1-2 orders of magnitude smaller than those from our model,
and the estimated TKE dissipation rates are less than 10-6 m2 s-3 for the swell case.
Though the turbulent Langmuir number La > 0.5 for Experiments 1-3, the magnitude
of the TKE dissipation rate resulting solely from the Stokes drift shear is comparable
to that of the wind-driven turbulence displayed above.

Literature on this topic is considerable, e.g., a two equation (  - k  ) model coupled
to momentum equations, in which the Stokes-vortex forcing term was taken into
account, were used to investigate the enhanced turbulence (Araujo et al., 2001).
Skyllingstad (2005) analyzed the LES modeled TKE budget to clarify the entrainment
affected by Langmuir circulation, including mean flow and Stokes shift
shear-productions, vertical transport by turbulent eddies, Stokes-vortex forcing, etc. It
must be acknowledged that our estimation method used here is a rather rough one and
has some drawbacks e.g., only the Stokes shift shear-production is included, but the
Coriolis-Stokes forcing, the Stokes-vortex forcing and convection/diffusion terms are
not considered for the measurements of the flow field were not prioritized in the wave
tank experiments. Polton and Belcher (2007) concluded that the conjunctive effects of
the Coriolis-Stokes forcing and the Stokes-vortex forcing result in a reduced mean
shear and enhanced vertical transport of TKE into the mixed layer. Our estimate
above may be somewhat overestimated, which requires further study.
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Table S1. Wave parameters and turbulent Langmuir numbers for selected wave
conditions from Wei et al. (2018).

Experiment

number
Wave condition

Significant

wave

height Hs

(cm)

Peak frequency

(Hz)

Wave length

(m)

Turbulent

Langmuir

number La

1 21 m s-1 wind 3.75 2.72 0.42 0.60

2 32 m s-1 wind 6.03 1.97 0.83 0.84

3 1.6 Hz swell with 21 m s-1 wind 5.26 1.64 0.86 0.79

4 1.2 Hz swell 3.98 1.20 1.36 ---

Figure S2. Dependence of TKE dissipation rate dis (denoted as  in the figure)

versus layer depth. Observation data (circles, pluses and triangles) are digitalized
from Wei et al. (2018). The estimations of the TKE dissipation rate of Langmuir
turbulence are shown with solid lines. Data are plotted in linear/logarithmic scale on
the horizontal/vertical axis.
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