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Upper-ocean mixing due to surface gravity waves
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Abstract Surface gravity waves play an important role in the lower layer of the atmosphere and the
upper layer of the ocean. Surface waves effect upper-ocean mixing mainly through four processes: wave
breaking, Stokes drift interaction with the Coriolis force, Langmuir circulation, and stirring by nonbreaking
waves. We introduce the impact of these four processes into a 1-D k2� ocean turbulence model. The
parameterizations used are based mainly on existing investigations. Comparison of simulation results and
measurements demonstrates that considering all the effects of waves, rather than just one effect, signifi-
cantly improves model performance. The nonbreaking-wave-induced mixing and Langmuir turbulence are
the most important terms when considering the impact of waves on upper-ocean mixing. Under high-wave
conditions, the turbulent mixing induced by nonbreaking waves can be of the same order of magnitude as
the viscosity induced by other terms at the surface. Nonbreaking waves contribute very little to shear pro-
duction and their impact is negligible in the models. Sensitivity experiments demonstrate that the vertical
profile of the Stokes drift calculated from the 2-D wave spectrum improves model performance significantly
compared with other methods of introducing wave effects.

1. Introduction

The ocean surface, which covers to 70% of the global surface area, is generally covered by surface gravity
waves, which are very important for the ocean circulation and air-sea fluxes. It is estimated that the global
wind energy input to the geostrophic current is 0.9 TW and to the Ekman layer is 3 TW; however, 60 TW is
transported from the wind to surface waves [Qiao and Huang, 2012]. In ocean general circulation models
(OGCMs), the impact of surface waves is not usually directly considered, though it is sometimes partly consid-
ered. OGCMs reportedly underestimate the mixed layer depth (MLD) and overestimate the sea surface tem-
perature (SST) in some areas [e.g., Qiao et al., 2004]. Some studies [i.e., Qiao et al., 2004; Hu and Wang, 2010;
Qiao et al., 2013] arrive at improved simulation results when the impact of surface waves on ocean mixing is
taken into account. Surface waves affect upper-ocean mixing mainly through four processes: (1) wave break-
ing, (2) the Coriolis-Stokes force (CSF), (3) Langmuir circulation, and (4) nonbreaking-wave-induced mixing.

Measurements and numerical simulations indicate that wave breaking causes significant loss of both
momentum and energy fluxes from waves [e.g., Melville et al., 2002]. Wind energy generates turbulence in
the upper-ocean layer, mainly to a depth of a few significant wave heights from the surface [i.e., Terray
et al., 1996; D’Asaro, 2014]. Large-eddy simulation and direct numerical simulation, also used to study the
impact of wave breaking on ocean mixing [i.e., Noh et al., 2004; Sullivan et al., 2004, 2007], indicate that
breaking waves can affect the ocean surface layer.

The effect of the Stokes drift (i.e., the mean temporal and spatial difference between the Eulerian and
Lagrangian velocities, us) on the ocean mean flow is exerted through two processes. One is the interaction
with the Coriolis effect, which yields the term CSF, i.e., fc3us , for the momentum equations, where fc is the
Coriolis parameter. The other process is Langmuir circulation (LC) through the action of a Stokes-vortex
force, i.e., us3xv, where xv is the vortex vector. Numerical and theoretical analyses demonstrate that the
CSF is an important mechanism controlling upper-ocean dynamics [i.e., Polton et al., 2005; Wu and Liu, 2008;
Deng et al., 2012, 2013]. Wu and Liu [2008] demonstrated that the Stokes drift not only changes the wind
energy input to the Ekman layer but also redistributes the total energy input between the direct wind
energy input and the Stokes drift-induced energy input. The turbulent Langmuir number, La5
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an index of the significant contribution of LC to ocean mixing, where uw* is the frictional velocity in water
and Us0 the surface Stokes drift velocity [e.g., McWilliams et al., 1997]. Langmuir turbulence is transformed
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into shear turbulence during the La � 0.5–2 regime [i.e., Li et al., 2005; Grant and Belcher, 2009; Belcher et al.,
2012; Sutherland et al., 2013]. It is generally accepted that LC can influence ocean mixing, so how to parame-
terize its impact in OGCMs is an important issue.

Nonbreaking-wave-induced ocean mixing is a direct stirring function of waves. Numerical simulations, theo-
retical analyses, and laboratory experiments have demonstrated that nonbreaking waves can generate tur-
bulence [i.e., Qiao et al., 2004; Babanin, 2006; Dai et al., 2010; Pleskachevsky et al., 2011; Babanin and
Chalikov, 2012; Savelyev et al., 2012; Tsai et al., 2015] and that their intensity is related to the wave state [i.e.,
Qiao et al., 2004; Babanin, 2006; Pleskachevsky et al., 2011]. From the turbulent kinetic energy (TKE) dissipa-
tion rate induced by wave turbulence interaction, some parameterizations have been proposed and applied
to improve the performance of OGCMs and coupled models [i.e., Huang and Qiao, 2010; Ghantous and
Babanin, 2014; Li et al., 2014; Fan and Griffies, 2014]. As expected, parameterizations of nonbreaking-wave-
induced mixing improve the performance of models when they are applied to OGCMs [i.e., Qiao et al., 2010;
Hu and Wang, 2010; Huang et al., 2011]. However, as argued by Kantha et al. [2014], some parameterizations
overestimate the wave contribution to ocean mixing, possibly because they do not clearly distinguish the
part of the turbulence contributed by LC from that contributed by nonbreaking waves (wave stirring).

In the study of Kantha and Clayson [2004], the TKE injected from breaking waves and LC were added into
Mellor-Yamada (MY) turbulence closure scheme [Mellor and Yamada, 1982] as the surface boundary condition.
The influence of LC was added into the total shear production in the two turbulence equations [Kantha and
Clayson, 2004]. Ideal simulations and realistic simulations at OWS Papa station indicate that the effect of break-
ing waves on the mixed layer are small compared with the effect from LC. Instead of relating the surface TKE
flux (breaking wave induced energy flux) to the wind stress [Craig and Banner, 1994; Kantha and Clayson,
2004], the TKE injection was calculated by the use of wave-energy dissipation spectrum in the study of Pas-
kyabi et al. [2012]. A wave-induced transfer of momentum term was added to the momentum equations.
Compared with the effects of breaking waves, simulation results indicate that the effect of CSF (which is
added into the momentum equations) is relative larger [Paskyabi et al., 2012]. In the recent study [Paskyabi
and Fer, 2014], the wave influences investigated in Paskyabi et al. [2012] and the shear production by LC were
added to a k 2 � turbulence scheme in a 1-D ocean model. The simulation results were compared with the
measured dissipation rate, which show that the breaking wave influence is mainly on the surface layer. Add-
ing the Stokes production (CSF and shear production from LC) improves the agreement more than breaking
waves [Paskyabi and Fer, 2014]. In the study of Janssen [2012], the wave influences were applied to a 1-D tur-
bulence model to the Arabian Sea data [Weller et al., 2002]. The simulations show that the breaking wave influ-
ence dominates the wave influence on the very surface layer, the influence of the Stokes drift can improve
the model performance during the deeper layer [Janssen, 2012]. Compared with breaking wave induced mix-
ing, the effect of which is mainly on a few significant wave heights depth, the nonbreaking-wave-induced
mixing can effect much deep layer [Qiao et al., 2004, 2010]. In the study of Qiao and Huang [2012], they com-
pared the influence of vertical shear mixing and nonbreaking-wave-induced mixing in the extratropical ocean
from ocean model simulations. The results indicate that nonbreaking-wave-induced mixing is more important
than the influence of vertical shear mixing [Qiao and Huang, 2012].

In this study, based on the results of various investigations, we aim to distinguish the contributions of vari-
ous waves, i.e., breaking waves, CSF, LC and nonbreaking waves, and to prevent them from being repeat-
edly considered in parameterizations of wave impact on ocean mixing. We also aim to consider all wave-
induced processes both separately and in combination within the same study to evaluate their relative
importance. The wave contributions to upper-ocean mixing are applied to the k 2 � turbulence equations,
which are used in a 1-D ocean model to investigate their impacts. This paper is organized as follows: section
2 describes the theory of wave impact on the upper ocean; section 3 describes the model used in this study,
the experimental design, and the data used in the simulations; the simulation results are presented in sec-
tion 4; the results are discussed in section 5 and conclusions are summarized in section 6.

2. Theory

2.1. Breaking Wave Impact on the Ocean Mixing
Breaking waves cause significant momentum and energy fluxes losses from waves. The lost momentum
flux is transferred to the underlying currents, while the lost energy flux is transferred mainly to near-surface
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turbulence [He and Chen, 2011]. The momentum and energy flux losses from waves are related to the
wave-breaking probability, which is in turn related to the wind speed. He and Chen [2011] demonstrated
that the impact on ocean mixing of the momentum induced by breaking waves is larger than that of the
energy fluxes induced by breaking waves.

Considering the breaking-wave-induced energy in the upper-ocean turbulence, Craig and Banner [1994]
proposed a model including the effect of wave breaking, in which wave breaking is treated as an additional
input into the TKE at the surface boundary, as follows [Craig and Banner, 1994]:

qwb;05m0qw u3
w� (1)

where m0 is a coefficient, treated as 100 in this study, following Craig and Banner [1994], and qw the sea
water density.

Based on the studies of Sullivan et al. [2004, 2007] and He and Chen [2011] estimated the breaking-wave-
induced stress, swbðzÞ5hAiðzÞ�z, transferred from surface wave breaking to ocean currents, expressed as
[He and Chen, 2011]: ðz

2H
hAiðzÞdz= cqau2

�
� �

� ebz (2)

where b is a coefficient depending on the wind speed, hAi the momentum density, u* the atmospheric fric-
tion velocity, qa the air density, H the water depth, and c the ratio of the breaking stress to the wind stress.
As mentioned by He and Chen [2011], c should be related to the wave condition or wind condition, though
its function of c is still unclear. He and Chen [2011] treated c as constant at 0.2 when they simulated data
from the Papa ocean weather station; here, we also treat it as constant at 0.2 when simulating data regard-
ing conditions at the Papa station. For the coefficient b, we interpolated it to different wind speeds follow-
ing the results of He and Chen [2011].

In this study, taking account of the impact of breaking waves means takes account both breaking-wave-
induced energy in the surface boundary (equation (1)) and breaking-wave-induced stress on the mean flow
(equation (2)).

2.2. Stokes Drift Impacts on the Ocean Mixing
The CSF and the LC both result from the interaction of the Stokes drift with other terms. When the 2-D
wave spectrum is available, the Stokes drift can be calculated as:

us5
16p3

g

ð1
0

ðp

2p
f 3Sfhðf ; hÞexp

8p2f 2z
g

� �
dhdf (3)

where f is the wave frequency, h the wave direction, and Sfh the directional frequency spectrum.

The CSF can be understood as originating in the fact that ‘‘the Stokes drift attempts to tilt and stretch the
planetary vorticity into the horizontal leading to a vortex force on the flow’’ [Polton et al., 2005]. The CSF
exerts a noticeable influence on the ocean circulation in terms of the mixed-layer temperature and MLD
[Deng et al., 2013]. The CSF is usually considered in OGCMs by adding an extra term (i.e., fc3us) to the
momentum equations.

Since LC has been observed [Langmuir et al., 1938], much effort has focused on the mechanisms of LC and
the extent of its effect on ocean mixing in the upper-ocean layer [i.e., Craik and Leibovich, 1976; Li et al.,
1995; McWilliams and Sullivan, 2000]. Incorporating the impact of LC into OGCMs has been investigated in
several studies. Axell [2002] introduced LC production as an extra shear production term in the k 2 � turbu-
lence model, which was applied in the Nucleus for European Modelling of the Ocean (NEMO) model [Madec,
2008]. To consider the effect of LC, McWilliams and Sullivan [2000] modified the turbulence velocity scale in
the K-profile ocean boundary layer parameterization (KPP) scheme by multiplying it by a Langmuir turbu-
lence enhancement factor. Later, Smyth et al. [2002] introduced the stratification effect into the parameter-
ization of McWilliams and Sullivan [2000]. Some studies treat LC as only the Stokes drift shear production,
adding this Stokes drift shear production to the total shear production in the TKE [i.e., Ardhuin and Jenkins,
2006; Li et al., 2013a]. In addition to the Stokes drift shear production, in the study of Kantha and Clayson
[2004], an extra boundary energy term contributed from LC was added to the boundary condition in MY
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turbulence scheme [Mellor and Yamada, 1982] and some adjustment about the coefficients in MY scheme
was done. To avoid repeatedly considering other wave impact terms, in this study, we added the LC-
generated shear production to the TKE to consider its impact on the ocean vertical mixing, as follows:

PLC5mt
@u
@z
@us

@z
1
@v
@z
@vs

@z

� �
(4)

where mt is the eddy viscosity and u and v are the velocities in the eastward and northward directions,
respectively. The Stokes drift velocities in the eastward and northward directions are denoted us and vs,
respectively.

2.3. Nonbreaking Wave Impact on the Ocean Mixing
How to incorporate the effect of nonbreaking waves on ocean mixing into OGCMs is an open scientific
question. In view of wave-induced Reynolds stress, some studies have proposed nonbreaking-wave-
induced mixing parameters, which have been added to the turbulent viscosity in models [i.e., Qiao et al.,
2004; Hu and Wang, 2010; Pleskachevsky et al., 2011], producing some improvements in the simulation
results. Pleskachevsky et al. [2011] parameterized the impact of nonbreaking waves on ocean mixing by
modifying the turbulent viscosity and adding the shear production induced by nonbreaking waves.

Pleskachevsky et al. [2011] divided the contribution of wave motion to ocean mixing into two parts: (1) sym-
metric wave motion subprocesses, which do not contribute to mean currents but do affect the turbulence,
and (2) asymmetric wave motion mean-flow processes, which contribute to mean currents. Based on linear
wave theory, the wave contribution to these subprocesses is expressed as the nonbreaking-wave-induced
mixing, expressed as [Pleskachevsky et al., 2011]:

mwave5l2
waveMSM

wave (5)

where lwave is the length scale of the wave-induced turbulence, MSM
wave is the contribution of symmetric wave

motion to shear, MSM
wave5

�Mwave, and Mwave
2 is the mean value of the shear frequency of the wave motion.

The contribution of asymmetric-wave-motion shear to the mean flow can be expressed by Pleskachevsky
et al. [2011]:

MAM
wave5kAM

waveMSM
wave (6)

where kAM
wave is the relationship between wave-energy dissipation and total wave energy. Following Pleskachev-

sky et al. [2011], we treat kAM
wave as constant at 1.5 3 1024. The condition of nonbreaking waves generating tur-

bulence is indicated by the Reynolds number, RewaveðzÞ, being larger than the critical Reynolds number,
Rewave

crit . Following Babanin [2006] and Pleskachevsky et al. [2011], the critical Reynolds number is set to 3000.

The wave-induced shear production is then:

Pwave5mtðMAM
waveÞ

2 (7)

3. Model and Experiments

3.1. GOTM
The General Ocean Turbulence Model (GOTM) is a 1-D water column model of the thermodynamic and
hydrodynamic processes related to vertical mixing in water [Umlauf and Burchard, 2005]. GOTM has been
widely used to study the problems of ocean mixing [He and Chen, 2011; Li et al., 2013b; Drivdal et al., 2014;
Ghantous and Babanin, 2014]. The momentum equations in GOTM are expressed as follows:

@t u5 @zððmt1mÞ@z uÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
a

2g@xf|fflfflffl{zfflfflffl}
b

1fcv|ffl{zffl}
c

1fcvs|fflffl{zfflffl}
d

1swb;x|fflfflffl{zfflfflffl}
e

(8)

@tv5 @zððmt1mÞ@z vÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
a

2g@yf|fflfflffl{zfflfflffl}
b

2fcu|ffl{zffl}
c

2fcus|fflffl{zfflffl}
d

1swb;y|fflfflffl{zfflfflffl}
e

(9)

where x, y, and z are eastward, northward, and upward directions, respectively, t is time, f surface elevation,
m molecular diffusivity, and g gravitational acceleration. Term (a) is the sum of the turbulence and viscous
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transport terms, (b) the pressure gradient, (c) the Coriolis force, (d) the CSF, and (e) the breaking-wave-
induced stress. The direction of swb is aligned with the wind direction; swb,x and swb,y are the components of
swb in x and y directions, respectively.

In this study, the impact of waves on ocean mixing is introduced into a k 2 � two-equation closure model to
investigate the impact. The transport equation for the TKE, k5q2=2, is:

@k
@t

5
@

@z
mt

rk

@k
@z

� �
1Ps1Pb2� (10)

where rk is the constant Schmidt number, Ps shear production, Pb buoyancy production, and � dissipation.
The transport equation for dissipation is:

@�

@t
5
@

@z
mt

r�

@�

@z

� �
1
�

q
½c�1Ps1c�3Pb2c�2�� (11)

where r� is the Schmidt number for �, and c�1; c�2, and c�3 are empirical coefficients. Shear production, Ps, is
calculated by:

Ps5mt
@u
@z

� �2

1
@v
@z

� �2
" #

(12)

The viscosity is calculated as:

mt5clk1=2l (13)

where cl is the stability function and l a typical length scale. Considering the terms influenced by waves,
total shear production, viscosity, and heat diffusion can be expressed as follows:

P0s5Ps1Pwave1PLC (14)

m0t5mt1mwave (15)

m0h5mh1mwave (16)

where mh the heat diffusion.

3.2. Experimental Design
The Papa ocean weather station is located in the eastern subarctic Pacific (508N, 1458W) in 4230 m deep
water where the horizontal advection of heat and salt is assumed to be small [i.e., Mellor and Blumberg,
2004; Li et al., 2013b]. The data from the station are ideal for testing a 1-D model. Various authors have used
data from this station for validating turbulence closure schemes [e.g., Li et al., 2013b]. In the present study,
the simulation of data from the Papa station is used to investigate the effect of waves on ocean mixing. The
water depth in the model is set to 250 m, deep enough to prevent surface mixing from reaching the bottom
[Burchard et al., 1999]. The initial temperature data were obtained from measurements. The other settings
of the model are the same as in the ‘‘OWS papa’’ scenario downloaded from the GOTM website, except for
the changes when considering the impact of waves explained in the different experiments.

To investigate the various wave impacts on ocean mixing both separately and in combination, six experi-
ments were designed, the details of which are presented in Table 1. The first experiment (Exp-1), uses the
default setting of GOTM with the k 2 � turbulence model without including the impact of breaking waves
(m0 5 0). In Exp-1, wave impact is not incorporated into the model, making it the control experiment. In
Exp-2 to Exp-5, each of the wave impacts (described in sections 2.1–2.3) is added separately. In Exp-2, the
effect of breaking waves (i.e., both breaking-wave-induced stress and energy flux) is added to the model
(equation (1) and swb in equations (8) and (9)). The impact of the CSF is added to the control experiment in
Exp-3. In Exp-4, the impact of LC is introduced (equation (4)). The Stokes drift profiles used in Exp-3 and
Exp-4 is calculated through equation (3) using the 2-D wave spectrum from WAM simulation (section 3.3).
In Exp-5, the impact of nonbreaking waves on ocean mixing is added to the model (equations (7), (15), and
(16)). All the wave impacts on ocean mixing are combined in the model in Exp-6.
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3.3. Data Used for Experiments
At the Papa ocean weather station, meteoro-
logical measurements are made of wind
speed, wind direction, air temperature, air
pressure, and the sea temperature and salin-
ity profiles. The method for using bulk formu-
las for the surface momentum and heat
fluxes is discussed in detail by Burchard et al.
[1999]. When using the momentum and heat
flux results from Burchard et al. [1999], we
choose the year 1962 to investigate the
effect of waves on ocean mixing.

The WAM model [WAMDI, 1988] is used to simulate the wave state. The ERA-40 wind data [Uppala et al.,
2005] are used to force the WAM model. The domain of the WAM model is 10–658N and 120–1758W. To
simulate the wave parameters and 2-D wave spectrum, a relative high resolution of simulation is necessary.
In this study, the resolution of the simulation is 0.18 and 25 wave frequencies are simulated, ranging from
0.04177 to 0.41145 Hz. The wave direction resolution in the model is 308. The 2-D wave-spectrum data, sig-
nificant wave height, peak wave period, and other wave information are obtained from the WAM model.

Table 1. Setup of the Six Experimentsa

Experiments Breaking Waves CSF LC Nonbreaking Waves

Exp-1 No No No No
Exp-2 Yes No No No
Exp-3 No Yes No No
Exp-4 No No Yes No
Exp-5 No No No Yes
Exp-6 Yes Yes Yes Yes

aExp-1 is the Reference Case, Exp-2 to Exp-5 are the four experi-
ments in which wave processes are studied separately, and exp-6
includes all wave contributions.

Figure 1. The forcing conditions of the 1-D model for 1962 at the Papa station. The forcing parameters are: (a) friction velocity, (b) surface
heat flux, (c) significant wave height from the WAM model, (d) peak wave period, and (e) surface Stokes drift velocity from the WAM
model.
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Figure 1 shows the forcing conditions in
1962. In the summer, the wind stress and
significant wave height are small; in con-
trast, the maximum friction velocity
exceeds 1 m s21 and the maximum signif-
icant wave height exceeds 7 m in winter.
The maximum surface Stokes drift veloc-
ity in winter exceeds 0.2 m s21. The sur-
face heat flux is negative most of the year
(i.e., heat is transported from ocean to
atmosphere). The peak wave frequency
conditions in 1962 are shown in
Figure 1d.

4. Results

4.1. Simulation Results
Figure 2 shows the SST simulated in all
experiments except Exp-2 and Exp-3; as
the simulation results of Exp-2 and Exp-3
differ little from those of Exp-1, they are
not shown in the following figures. In

summer, the control experiment (Exp-1, black line) gives SST results exceeding the measurements. Adding
the impact of breaking waves (Exp-2) or the CSF (Exp-3) does not change the simulation results significantly.
Adding the impact of LC (Exp-4) to the model, somewhat improves the results, giving a slightly lower SST. If
the impact of nonbreaking waves (Exp-5) is added to the model, the SST in summer is several degrees lower
and the model performs significantly better than in the other experiments. Adding all the wave impacts to
the model (Exp-6) results in the best SST performance of all the experiments.

The time series of the vertical profiles of the temperature difference between the simulation results and the
measurements are shown in Figure 3. From January to June, the simulation results of the six experiments
agree well with the measurements in the upper layer (0–70 m), though, in the 70–120 m layer (which is
around the MLD), the simulations underestimate the temperature by about 0.68C. From July to December,
simulations Exp-1 to Exp-4, which exclude the impact of nonbreaking waves, overestimate the temperature
in the upper layer; when this impact is included, as in Exp-5 and Exp-6, the model slightly overestimates the
temperature in the MLD.

The MLD is defined as the depth at which the temperature is 0.28C lower than the SST. Table 2 shows the
statistical results for the MLD. Considering all the wave impacts increases the ocean mixing, in turn reducing
the mean error (ME, i.e., simulation minus observation) and mean absolute error (MAE) of the MLD of the
upper-layer temperature (0–20 m). The mean temperature differences at various depths are shown in Figure
4 and the statistical results for temperature in the 0–20 m layer in Table 2. Introducing breaking waves (Exp-
2) and the CSF (Exp-3) does not significantly change the simulated average temperature profiles compared
with the control experiment (Exp-1). In contrast, when adding the impact of LC (Exp-4) in the surface layer
(0–20 m), not only is the ME of the temperature reduced by about 0.38C but also the MAE and root-mean-
square deviation (RMSD) are improved. Adding the impact of nonbreaking waves to the model (Exp-5)
reduces the ME by over 0.58C, MAE by about 0.58C and RMSD by about 0.658C in the 0–20 m layer. Consider-
ing all the wave impacts (Exp-6) reduces the temperature errors much more than found in any other experi-
ments, reducing the ME by 0.698C, MAE by 0.568C, and RMSD by 0.718C in the 0–20 m layer. In the
70–100 m layer, incorporating the impact of nonbreaking waves (Exp-5) worsens the MAE and RMSD per-
formance. Adding the various wave impacts does not improve the correlation coefficient (R) for the surface
layer (0–20 m) in any of experiments Exp-2 to Exp-6. In this layer, the temperature change is controlled
mainly by surface forcing (i.e., surface wind stress and heat flux), the wave impact significantly affecting R
only in the 30–110 m layer. It is in the 30–80 m layer that incorporating nonbreaking waves (Exp-5)
improves R the most, by increasing the mixing. In the 80–100 m layer, the impact of nonbreaking waves

Figure 2. Simulated and observed SST from experiments and observations in
1962 (8C).
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lowers R and increases the MAE and RMSD, possibly by overestimating the MLD. From the ME, MAE, RMSD,
and R, we can see that Exp-6 performs the best of all the experiments. Comparing the various wave impact
aspects indicates that nonbreaking-wave-induced mixing exerts a dominant effect, the second most impor-
tant process being LC.

The TKE terms of the experiments are shown in Figure 5, the left-hand plots showing the averages for
summer (June–August) and the right-hand plots the averages for winter (December–February). In summer,
the TKE is mainly in the upper 40 m; in contrast, the TKE is in the upper 100 m in winter because the high
winds and waves cause more TKE production in winter, deepening the MLD. The breaking waves and CSF
do not significantly affect the results. The TKE increases when adding the effect of LC (Exp-4), due to the LC
shear production. Considering the impact of nonbreaking waves (Exp-5) reduces the average TKE somewhat
in the upper layer in both summer (Figure 5a) and winter (Figure 5b). This may be because of the feedback
impact of the increasing viscosity, i.e., the temperature gradient decreases because of the increasing viscos-
ity, which in turn reduces shear production and buoyancy production. In the 30–40 m layer, incorporating
nonbreaking waves increases the TKE in summer (the nonbreaking-wave-induced mixing in summer is only
in the upper layer). When all the wave impacts are added, the TKE is nearly the same as in Exp-4 in winter,
which means that the change in the TKE is caused mainly by LC in winter. In summer, the average dissipa-
tion is similar in Exp-5 and Exp-6; in contrast, in winter, the dissipation in Exp-6 is similar to that in Exp-4
(see Figures 5c and 5d). For average shear production in the upper-ocean layer (i.e., 0–10 m), incorporating
LC causes a significant increase, especially in winter (Figure 5f), while incorporating nonbreaking waves

Figure 3. The difference between simulated results and measurements (8C) expressed as experimental minus observed results: (a) Exp-1
(no wave influence), (b) Exp-4 (only influence of LC), (c) Exp-5 (only influence of nonbreaking waves), and (d) Exp-6 (all wave influence
included).
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causes a significant reduction. In the upper-ocean layer, the increase in shear production is caused mainly
by the Stokes drift. In the deep layer, in summer the total change in shear production (Exp-6) is dominated
by the LC influence (Exp-4), while in winter it is dominated by nonbreaking waves (Exp-5). The feedback
impact of waves on average buoyancy production is shown in Figures 5g and 5h (the change in viscosity
and shear production changes the temperature gradient and, in turn, the buoyancy production). The impact
of nonbreaking waves (Exp-5) mainly increases the average buoyancy production in summer and in the
upper layer in winter, while the impact of LC (Exp-4) mainly increases it in winter. In the TKE terms, we can
see that LC dominates the impact of waves in winter (under high-wind conditions), while the impact of non-
breaking waves dominates the impact of waves in summer (under relatively low-wind conditions).

Figure 4. Statistical results for temperature at various depths, modeled compared with measured results: (a) mean temperature error, (b) mean absolute temperature error, (c) root-
mean-square difference, and (d) correlation coefficient. No wave influence in Exp-1, only influence of LC in Exp-4, only influence of nonbreaking waves in Exp-5, and all wave influence
included in Exp-6.
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The logarithmic distributions of the viscosity without and with the inclusion of nonbreaking waves are shown
in Figures 6a and 6b, respectively. Compared with the low-wind conditions in summer, the turbulent mixing
induced by nonbreaking waves reaches much deeper under high-wind conditions (i.e., in winter). In the sur-
face layer, the nonbreaking-wave-induced mixing is sometimes of the same order of magnitude as that
induced by other terms. Figure 7 shows the different source of TKE production: current shear production (Fig-
ure 7a), LC production (Figure 7b) and nonbreaking-wave-induced shear production (Figure 7c). Note that LC
shear production decreases exponentially with depth. In the surface layer, LC shear production is larger than
current shear production during most time periods. With increasing depth, current shear production domi-
nates the shear production, exceeding LC shear production. The contribution of asymmetric-wave-motion
shear to the mean flow (equation (7)) is very small (not of the same order of magnitude) compared with cur-
rent shear production. Conducting the experiments with and without considering the contribution of asym-
metric wave-motion to shear production (results not shown) has no significant impact on the results. It is
therefore reasonable for some parameterizations [i.e., Qiao et al., 2004; Hu and Wang, 2010] of nonbreaking-
wave-induced ocean mixing to exclude the contribution of nonbreaking waves to shear production.

4.2. Sensitivity Experiments
In some OGCMs, the Stokes drift is estimated from the wind speed. Even in some coupled systems, only the
surface Stokes drift is calculated from the 2-D wave spectrum, the vertical profile being estimated using
empirical formulations to reduce the computational burden. For the nonbreaking-wave-induced mixing, we
use the bulk parameters for the calculation (in equations (5) and (6), the significant wave height and wave
period are used to estimate MSM

wave and lwave). Some studies use the 2-D wave spectrum to calculate the
nonbreaking-wave-induced mixing parameter [e.g., Qiao et al., 2004]. Some authors have argued that using
the 2-D wave spectrum to calculate the nonbreaking-wave-induced mixing parameter may be more appro-
priate [e.g., Ghantous and Babanin, 2014]. To determine how large an impact using the 2-D wave spectrum
has on the simulation results, we choose (in this section) different parameterizations with/without the 2-D
wave-spectrum information.
4.2.1. Stokes Drift
The 2-D wave spectrum should be used to calculate the Stokes drift, though the wave spectrum is not
always available. When the wave spectrum is unavailable, the surface Stokes drift is usually estimated from
the wind speed or wind stress using formulations such as, Us050:016jU10j [Li and Garrett, 1993] and Us05

0:377jsj1=2 [Madec, 2008], where U10 is the wind speed at 10 m above the sea surface level. Normally, the
vertical profile of the Stokes drift is calculated assuming that the surface Stokes drift exponentially decrease
with depth [Polton et al., 2005; Li et al., 2013a]. Breivik et al. [2014] proposed a new method for estimating
this vertical profile, which they demonstrate considerably improves the exponentially decreasing method
[Polton et al., 2005; Li et al., 2013a], as follows:

usðzÞ5us0
e2ke z

128kez
(17)

where ke is the inverse depth scale; for details see Breivik et al. [2014, 2015].

To test the impact of the 2-D wave spectrum, two more experiments were designed (Table 3). In experiment
LC-1, we use the wind stress to estimate the surface Stokes drift, the vertical profile of the Stokes drift being
calculated using equation (17). The direction of the Stokes drift is aligned with the wind stress. In contrast, in
LC-2 we use the 2-D wave spectrum to calculate the surface Stokes drift and use equation (17) to calculate its
vertical profile, as done by Breivik et al. [2015]. The other settings are the same as in Exp-6. From LC-1, LC-2,
and Exp-6, we want to determine whether the 2-D wave spectrum is necessary for calculating the Stokes drift
profile and whether it is enough to calculate only the surface Stokes drift using the 2-D wave spectrum.

Table 2. Statistical Results for MLD (m) and Surface Layer (0–20 m) Temperatures (8C)

Exp-1 Exp-2 Exp-3 Exp-4 Exp-5 Exp-6

ME of the MLD 16.12 15.98 15.91 12.07 5.86 2.99
MAE of the MLD 17.87 17.75 17.71 14.75 10.16 9.26
ME of the temperature 0.89 0.87 0.86 0.62 0.31 0.20
MAE of the temperature 1.02 1.01 1.00 0.80 0.52 0.46
RMSD of the temperature 1.32 1.30 1.29 1.02 0.67 0.61
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Figure 5. The turbulence production of different terms: average TKE in (a) summer and (b) winter; (c) average dissipation in summer and
(d) winter; (e) average shear production in summer and (f) winter); and (g) average buoyancy production in summer and (h) winter. No
wave influence in Exp-1, only influence of LC in Exp-4, only influence of nonbreaking waves in Exp-5, and all wave influence included in
Exp-6.
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The statistical results for the temperature profiles are shown in Figure 8. The ME of the temperature (Figure
8a), increases by about 0.18C if the Stokes drift is estimated from the wind stress (LC-1). If we instead use
the surface Stokes drift calculated from the 2-D wave spectrum (LC-2), this improves the results in the upper

Figure 6. (a) Logarithmic distributions of viscosity generated by shear and (b) nonbreaking-wave-induced mixing in Exp-6; m2 s21.

Figure 7. Logarithmic distributions of (a) current shear production, (b) LC production, and (c) wave production shear (equation (7)) in Exp-
6; m2 s23.
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layer insignificantly compared with LC-1. In the deep layer, the results of experiments LC-1 and LC-2 differ
only slightly. Although the Stokes drift is mainly in the upper-ocean layer (the upper 40 m in this case), feed-
back from it influences the simulations in a much deeper layer. For the MAE of the temperature (Figure 8b),
the results are similar to the ME results for the temperature. The average improvement in the MAE is more
than 0.058C in the surface layer if the Stokes drift is calculated from the 2-D wave spectrum (Exp-6) com-
pared with LC-1 and LC-2. The differences extend to a depth of about 110 m. The RMSD results are similar
to the MAE results, the coefficient in the top 30 m being almost the same in Exp-6, LC-1, and LC-2; however
in the 30–110 m layer, Exp-6 performs better.
4.2.2. Nonbreaking Waves
Regarding the impact of surface waves on ocean mixing, nonbreaking-wave-induced mixing is one of the
most important terms (see the results in section 4.1). Here we compare three parameterizations of the
impact of nonbreaking waves on ocean mixing (Table 4). Experiment Bv-1 uses the parameterization of
Qiao et al. [2004], while experiment Bv-2 uses the parameterization of Hu and Wang [2010].

In parameterizing of wave-induced turbulent viscosity, Pleskachevsky et al. [2011] used the bulk properties
(i.e., significant wave height and wave period) to calculate the nonbreaking-wave-induced mixing. In con-
trast to Pleskachevsky et al. [2011], Qiao et al. [2004] used the full wave spectrum to calculate the
nonbreaking-wave-induced mixing parameter, as follows:

mwave5a
ðð
~k

Eð~kÞe2kz d~k
@

@z

ðð
~k

x2Eð~kÞe2kz d~k

2
64

3
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(18)

where a is a coefficient (treated as 1 here), Eð~kÞ the wave number spectrum, k the wave number, and x the
wave angular frequency. Hu and Wang [2010] also used the bulk properties to calculate the nonbreaking-
wave-induced mixing, expressing as
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(19)

where j is the von Karman constant, d the wave steepness (d52a=k, a being the amplitude and k the wave-
length), b the wave age (0 < b < 1 for a growing wave and b 5 1 for a mature wave).

The statistical results for the temperature profiles are shown in Figure 9. In the 0–70 m layer, experiment
Exp-6 performs the best, though in the 70–100 m layer, the experiment Bv-1 performs the best in terms of
the ME, MAE, RMSD, and R. Experiment Bv-2 overestimates the nonbreaking-wave-induced mixing in the
ocean. Figure 10 shows the temperature differences between the simulation results and the measurements.
Note that Exp-6 overestimates the MLD, so it performs poorly in the 70–100 m layer; in contrast, experiment
Bv-1 still underestimates the MLD.

5. Discussion

Comparing the different impacts of surface waves (i.e., breaking waves, CSF, LC, nonbreaking waves) indi-
cates that nonbreaking waves play the most important role in ocean mixing, LC being the second most
important wave term. Considering the combined impact of all the wave types results in the best perform-
ance (Exp-6). Here we use a k 2 � model, but the results are similar when applying the same wave impacts
in a higher-order closure scheme, i.e., the MY model (results not shown). LC increases the total shear pro-
duction and the TKE (see Figure 5), in turn increasing the viscosity in the upper-ocean surface layer. Because

Table 3. Sensitivity Experiments on the Stokes Drifta

Experiments Method for Calculating the Stokes Drift

Exp-6 Surface and vertical profile of Stokes drift calculated using equation (3)
LC-1 Us0 calculated using Us050:377jsj1=2 and the vertical profile using equation (17)
LC-2 Us0 calculated using 2-D wave spectrum and the vertical profile using equation (17)

aExp-6 is the Reference Case and LC-1 and LC-2 investigate the importance of the 2-D wave spectrum when calculating the stokes
drift.
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the Stokes drift decreases exponentially with depth, the shear produced by LC decreases with depth, mean-
ing that the direct impact of LC is mainly on the upper-ocean layer. The change of shear production will
change the temperature gradients and buoyancy production. Although the direct influence of the shear

Figure 8. As in Figure 4 except for Exp-6, LC-1, and LC-2.

Table 4. Sensitivity Experiments on Nonbreaking Wave Impacta

Experiments Parameterizations of the Impact of Nonbreaking Waves

Exp-6 Parameterization from Pleskachevsky et al. [2011]
Bv-1 Parameterization from Qiao et al. [2004]
Bv-2 Parameterization from Hu and Wang [2010]

aExp-6 is the Reference Case, and Bv-1 and Bv-2 are parameterizations of the impact of nonbreaking waves.
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production by LC is mainly on the upper layer, the change of the temperature gradients will impact on
more deeper layer (see Figure 4). Nonbreaking waves influence upper-ocean mixing in two ways: through
the nonbreaking-wave-induced mixing, and through the contribution of nonbreaking waves to total shear
production. The nonbreaking wave contribution to shear production is very small, the main impact being
from nonbreaking-wave-induced mixing. Taking account of nonbreaking-wave-induced mixing reduces the
total shear production compared with experiments ignoring the impact of nonbreaking waves in the
upper-ocean layer. However, considering this mixing increase the total shear production in the deep layer
(see Figures 5e and 5f), possible due to feedback from the increased viscosity in the model.

Figure 9. As in Figure 4 except for Exp-6, Bv-1, and Bv-2.
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In some simulation periods, the model overestimates the MLD of ocean mixing when inducing the impact
of nonbreaking waves. One possible explanation is that the parametrization used here overestimates the
nonbreaking-wave-induced mixing because the parametrization is calculated from bulk properties (i.e., sig-
nificant wave height and wave period), not from the full wave spectrum. As argued by Ghantous and Baba-
nin [2014], using bulk properties will deal with one value for a certain bulk properties, even the wave
spectrum is different. The other possible explanation is that the horizontal advection is not considered in
the model. Li et al. [2013b] added horizontal advection adjustment to make the model match the observa-
tions. In the present study, we focus on the relative impacts of different wave effects on ocean mixing, so
advection adjustment was not introduced. As well, some artifacts may be introduced when adding the hori-
zontal advection, which may cause some unwanted results. Although some tuning parameters (i.e., the criti-
cal Reynolds number and the ratio of breaking stress to wind stress,) which are not clear in the model, the
impacts of surface waves are obvious in the results.

Estimating the Stokes drift from the wind speed is normal in uncoupled models [e.g., Madec, 2008]. Even
ocean models coupled with wave models use only the surface Stokes drift calculated from the wave spec-
trum, the vertical profile being estimated from parameterizations [e.g., Breivik et al., 2015]. The present
results indicate that the model results would be improved significantly if the vertical profile of the Stokes
drift were calculated from the 2-D wave spectrum. The Stokes drift direction is usually treated as aligned
with the wind direction or the same as the surface Stokes drift when the vertical profile of the Stokes drift is
not calculated from the 2-D wave spectrum. In reality, the Stokes drift direction may differ from the wind
direction because of the swell and the distribution of the wave spectrum. This would significantly influence
the simulation results. In coupled models, the vertical profile of the Stokes drift calculated from the 2-D
wave spectrum should be used to improve the model performance, if possible.

Using the nonbreaking-wave-induced ocean mixing calculated from the 2-D wave spectrum [Qiao et al.,
2004] improves the simulation results for the upper-ocean layer, though it still underestimates the MLD and
overestimates the upper-ocean-layer temperature. In contrast, using the nonbreaking-wave-induced mixing
calculated from bulk properties [Pleskachevsky et al., 2011] overestimates the MLD. One possible reason for
these results is that, in this study, the 2-D wave spectrum is simulated using WAM, which may be not very
accurate. In contrast, the parameterization of Pleskachevsky et al. [2011] produces the same nonbreaking-

Figure 10. As in Figure 3 except for (a) Exp-6, (b) Bv-1, and (c) Bv-2.
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wave-induced mixing when the bulk properties are the same, even though the 2-D wave spectrum is differ-
ent; this may lead to overestimation of the MLD.

The SST plays a vital role in the air-sea interaction processes, as it largely controls sensible and latent heat
fluxes. Those air-sea interaction processes will then influence the dynamic circulation of the ocean and
atmosphere. For tropical cyclone forecasts, the SST is also a very important term as it controls the energy
transport between the ocean and atmosphere. It can influence the intensity as well as the track of tropical
cyclones [Li et al., 2014]. Taking wave impacts on upper-ocean mixing into account to improve SST simula-
tion is necessary, not only in climate models but also in weather forecast models.

6. Summary and Conclusions

Measurements made in the field and laboratory indicate that surface waves play an important role in
upper-ocean mixing. Surface waves affect upper-ocean mixing mainly through four processes: wave break-
ing, CSF, LC, and stirring by nonbreaking waves. In this study, these four processes affecting upper-ocean
mixing are introduced into the k 2 � model within GOTM, a 1-D ocean model. The simulation of data from
the Papa ocean weather station is used to investigate the impact of waves on the ocean.

Adding the impact of surface waves on the ocean mixing to the model improves its performance. As
expected, adding all the wave impacts in combination results in the best model performance, while consid-
ering only the impact of breaking waves or of the CSF insignificantly affects the simulation results.
Nonbreaking-wave-induced mixing and LC are the most important terms contributing to the improved
model results.

The contribution of nonbreaking waves to shear production is much smaller than the contribution of the
other terms. Under low-wind conditions, the average impact of nonbreaking waves on the TKE terms is
more important than that of LC. In contrast, under high-wind conditions, the impact of LC is more important
than that of nonbreaking waves.

In most coupled models, only the surface Stokes drift calculated from the 2-D wave spectrum is used. The
present results indicate that using the 2-D wave spectrum to calculate the Stokes drift vertical profile is
more accurate and can improve the model results. In further model development, we suggest using the 2-D
wave spectrum to calculate the vertical profile of the Stokes drift if possible.

The nonbreaking-wave-induced mixing calculated from bulk parameters chosen here overestimates the
MLD. However, the parameterization that Qiao et al. [2004] calculated from the full wave spectrum still
underestimates the MLD; the various potential reasons for this merit further study.

Although this study entails some uncertainties because of its tuning parameters and because of the limita-
tions of the 1-D ocean model, it clearly demonstrates that surface waves have a considerable impact on
upper-ocean mixing. In further coupled model development, it is necessary to consider the wave informa-
tion used in ocean models, and 2-D wave spectrum information should be used to calculate the vertical pro-
file of the Stokes drift.
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