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ABSTRACT

Aparameterization of turbulentmixing fromunbroken surfacewaves is included in a 16-yr simulationwithin a

high-resolution ocean circulation model (MOM5). This ‘‘surface wave mixing’’ (SWM) derives from the wave

orbital motion and is parameterized as an additional term in a k-epsilon model. We show that SWM leads to

significant changes in sea surface temperatures but smaller changes in ocean heat content, and show the extent to

which these changes can reduce pre-existingmodel biases with respect to observed data. Specifically, SWM leads

to a widespread improvement in sea surface temperature in both hemispheres in summer and winter, while for

ocean heat content the improvements are less clear. In addition, we show that introducing SWM can lead to an

accumulation of wave-induced ocean heat content between years.While it has been well established that secular

positive trends exist in global wave heights, we find that such trends are relatively unimportant in driving the

accumulation of wave-induced ocean heat content. Rather, in response to the new source of mixing, the sim-

ulated ocean climate evolves toward a new equilibrium with greater total ocean heat content.

1. Introduction

Surface waves can regulate climate by modifying the

exchange of heat and momentum between the atmo-

sphere and ocean (see Cavaleri et al. 2012; D’Asaro

2014; D’Asaro et al. 2014). Thermodynamically, the

waves can influence climate by altering the characteris-

tics of the air–sea interface, particularly through the

generation of bubbles and sea spray during wave

breaking (Babanin 2011). Mechanically, the waves can

modify vertical mixing processes in the upper ocean

when momentum is transferred to the subsurface

through wave breaking and Langmuir circulation. Wave

breaking, however, only injects turbulence at the scale

of wave height (meters) and then relies on vertical dif-

fusion of the turbulence, while Langmuir circulation

provides vertical advection of the turbulence at the rate

of cm s21—both the diffusion and advection are much

slower than the turbulence vortex turnover and hence

the lifetime (e.g., Babanin et al. 2009).

In the meantime, there is turbulence produced by the

wave orbital motion, with the wave motion distributed

vertically at the scale of the wavelength (about 100m)
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(Babanin 2006, 2017). This can then directly mix through

the thermocline without relying on mechanisms of tur-

bulent mixing related to vertical shear or static stability,

which are typically included in parameterizations. We

denote this additional mixing mechanism as surface wave

mixing (SWM). Such wave mixing also represents a

thermodynamic effect, in that it contributes to the

amount of heat that is mixed down into the ocean (Qiao

et al. 2004, 2010; Cavaleri et al. 2012; Toffoli et al. 2012;

Ghantous and Babanin 2014a,b; Aijaz et al. 2017; Stoney

et al. 2017). Considerable effort has thus gone into rep-

resenting surface wave processes within numerical

models of weather and climate (Song et al. 2007; Babanin

et al. 2009; Liu et al. 2011; Chen et al. 2013; Dufresne et al.

2013; Fan and Griffies 2014; Breivik et al. 2015; Li et al.

2016). In addition, significant positive trends in global

wave heights have been recently documented (e.g.,

Young et al. 2011), suggesting the possibility of long-term

changes to the energy exchange between the atmosphere

and ocean.Wenote that the observed trends in significant

wave heights are positive over most of the globe but

particularly so over the SouthernOcean. These trends are

also generally larger for extreme events rather than, for

example, monthly means (Young et al. 2011).

For the present study, we investigate the possibility of

secular changes in ocean heat content (OHC) arising from

themixing induced by unbroken surface waves. The study

of OHC variations has become an important diagnostic of

circulation changes in the ocean (e.g., Abraham et al.

2013). Changes in OHC also dominate the global energy

imbalance due to anthropogenic climate change (Bindoff

et al. 2007). The importance of secular trends in wave

climate is also explored. Mixing from unbroken surface

waves originates from thewave-drivenmotion itself and is

not routinely included in ocean climate models, although

it has been examined in some studies (Li et al. 2016).

There are three different physical mechanisms for wave-

induced turbulence unrelated to wave breaking. The first

is due to viscous shear (Phillips 1961; Kinsman 1965),

which can generate turbulence at a critical wave-based

Reynolds number (Babanin 2006). The other two rely on

preexisting turbulence, and since the ocean is always

turbulent, they do not need the Phillips mechanism to

activate them. Benilov et al. (1993) suggested an in-

stability mechanism for linear two-dimensional potential

waves, which can stretch and amplify any preexisting

three-dimensional vorticity in the water column (Benilov

2012; Babanin and Chalikov 2012). The empirical and

theoretical basis of this wave-induced mixing (see below)

is distinct from that of Langmuir turbulence (McWilliams

et al. 1997; Teixeira and Belcher 2002). Nevertheless,

owing to their different theoretical approaches—with

SWM focusing on the wave orbital motions versus

Langmuir turbulence approaches based on wave-phase-

averaged statistics such as Stokes drift—at present a clear

distinction between the two phenomena cannot be made.

What is clear, however, is that the scaling law proposed

here, being based on orbital velocities (see below), and

those proposed for Langmuir turbulence, being based on

Stokes drift (e.g., Li et al. 2016), differ in which wave

properties are emphasized. It is important to note that

both representations of scaling laws agree in that stronger

waves lead to stronger mixing. Note also that Langmuir

circulation and Langmuir turbulence are not the same

phenomena. In theory, it is not completely clear to what

extent the SWM and Langmuir processes overlap and

interact (Ghantous and Babanin 2014a).

The intensity of the SWM mechanism was found suffi-

cient to describe a number of observed phenomena: sed-

iment suspension in the North Sea (Pleskachevsky et al.

2011), hurricane mixing through the thermocline (Toffoli

et al. 2012), and swell decay (Young et al. 2013). On

theoretical grounds, SWM is thought to generate signifi-

cant levels of turbulence at depths of half a wavelength

(e.g., 100m for a wave with a period of 12 s in deep water

conditions; Toffoli et al. 2012; Babanin 2017). Evidence

for SWM is based on measurements of turbulence be-

neath unbroken waves in the laboratory (Babanin and

Haus 2009; Dai et al. 2010), in the field (Cavaleri and

Zecchetto 1987; Toffoli et al. 2012), and in coupled wave–

turbulence modeling (Babanin and Chalikov 2012). In

addition, several recent studies have shown that the sim-

ulation of ocean climate is generally improved when pa-

rameterizations of SWM are included (Qiao et al. 2004;

Song et al. 2007; Huang et al. 2012; Walsh et al. 2017).

However, it must be pointed out that the direct estimation

of SWM in the real-world ocean remains controversial

owing to the limited number of reliable field observations

(D’Asaro 2014; Ghantous and Babanin 2014a).

Thus for the present paper we investigate whether wave

trends may be inducing a secular accumulation in global

OHC, via the SWM mechanism described above. These

are trends for wave height—such trends do exist and have

beenmeasured (Young et al. 2011). Trends in wave period

(peak frequency) can also affect SWM, but at present stage

are unknown (if they exist) andwere not investigated. Such

an accumulation of OHC would likely be absent in stan-

dard climate models in which SWM is not explicitly ac-

counted for. Note that while parameterizations of SWM

have been developed and tested previously (Qiao et al.

2004), for the present study we use a relatively new pa-

rameterization based on laboratory experiments and ob-

servations of swell dissipation. This parameterization was

developed byGhantous and Babanin (2014a) and recently

incorporated into an ocean climate model by Walsh

et al. (2017).
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2. Methods

This study uses a global coupled ocean–sea ice model

at mesoscale eddy-permitting resolution that is based on

the Geophysical Fluid Dynamics Laboratory (GFDL)

Climate Model, version 2.5 (CM2.5) (Delworth et al.

2012). The ocean model is version 5 of the hydrostatic

primitive equation Modular Ocean Model (MOM5),

and the sea ice model is the GFDL Sea Ice Simulator.

Our configuration has 50 vertical levels and a Mercator

horizontal grid resolution of approximately 0.258. Ver-

tical resolution in the upper 100m is about 10m, with the

closest level to the surface at 5m. The model was started

from initial conditions and equilibrated for 300 years as

described by Spence et al. (2014). The atmospheric

forcing for this 300-yr run is the CORE-II normal year

forcing (Large and Yeager 2009; Griffies 2012), a re-

peated year of climatological forcing that includes syn-

optic variability. From this initial condition, the model

was forced with the CORE-II interannually varying at-

mospheric boundary conditions (Large and Yeager

2009; Griffies 2012). We first used this interannual

forcing to perform a spinup of two years (1992–93), after

which time the upper-ocean temperatures and the global

average turbulent kinetic energy became quasi station-

ary. The experiment runs from 1 January 1994 to 1 Jan-

uary 2010, with a time step of 30min, using the CORE-II

interannual forcing. We stress that all atmospheric fields

are prescribed by the CORE-II forcing, and thus there is

no feedback to the atmosphere from the ocean. Ex-

change coefficients of momentum Cd, sensible heat Ce,

and latent heat Ch are calculated in MOM5 following

the method of Large and Yeager (2004), where they are

functions of the neutral stability 10-m wind speedU10. It

is worth noting that the surface current is included in the

calculation of wind stress and that air temperature, hu-

midity, precipitation, and radiative fluxes are supplied

by the atmospheric boundary conditions. Background

values of significant wave height and peak wave frequency

are supplied hourly from a 30-yr WAVEWATCH III

hindcast (Durrant et al. 2014). These data have a hori-

zontal resolution of 0.48 and were then interpolated to the

resolution of MOM5.

To represent the ocean vertical mixing we use a one-

dimensional mixing model, the General Ocean Tur-

bulence Model (GOTM) (Umlauf and Burchard 2005),

incorporated within theMOMmodeling system (which

is three-dimensional). For the mixing induced by un-

broken surface waves, the key element of the present

study, we use the parameterization of Ghantous and

Babanin (2014a). The parameterization represents the

process by which the wave orbital motion itself can

amplify preexisting turbulence in the water column.

Note that it is not based directly on any of the three

theoretical mechanisms described in the introduction,

as these are instability theories and so while they pre-

dict the growth of turbulence, they do not provide

quantitative guidance. The parameterization as for-

mulated here is based on consistent and redundant

dimensional (Bowden 1950; Babanin 2011), experi-

mental (Babanin and Haus 2009), numerical (Babanin

and Chalikov 2012), and observational (Young et al.

2013) argument and evidence. According to the nu-

merical simulations of Babanin and Chalikov (2012),

the level of initial background turbulence is not es-

sential to include in the simulations: if turbulence were

not initially seeded, it would even start from digital

noise, albeit at a slower rate. Ultimately, its resulting

level is determined by the wave energy. This process is

included here as an extra term in the k–« turbulence

model (Rodi 1987), one of the many turbulence

schemes available in GOTM [see Umlauf et al. (2012,

p. 70), for the default parameter values used here]. The

k–« model, widely used in computational fluid dy-

namics to calculate turbulent kinetic energy (TKE),

consists of two equations describing the evolution of

TKE, as well as the production and dissipation of that

energy. There are two standard source terms, one de-

scribing the production from shear processes P and

the other production from buoyancy G, respectively,

written analytically as follows:

P52u0w0›U
›z

2 y0w0›V
›z

, and (1)

G5w0b0 , (2)

where u0, y0, and w0 are the zonal, meridional, and ver-

tical turbulent velocities, respectively, U and V are the

mean zonal and meridional velocities, and b0 is the tur-

bulent buoyancy term. The k–«model parameterizes the

shear production as follows:

P5 n(M2 1aN2)1W , (3)

where n is the turbulent viscosity, M is the shear fre-

quency, and aN2 is a parameterization of the breaking of

internal waves, first suggested by Mellor (1989). For this

study, we add the new termW to parameterize the wave-

induced mixing:

W5 bk

�
vH

s

2
ekz

�3
, (4)

where b is an empirical constant set to 0.0014 following

Young et al. (2013), k is the wavenumber (calculated

from the deep water dispersion relation), v is the peak
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angular frequency, Hs is the significant wave height,

and z is the height (zero at the surface and decreasing

into the ocean). Here we assume monochromatic

waves. The wave-induced turbulence decays expo-

nentially with depth from the surface. Note that in this

parameterization the shear frequency remains un-

altered when W is introduced, due to the difficulty in

clearly separating and parameterizing this effect from

observations because of inadequate long-term records

of peak wave frequency. Intensity of the turbulence, as

described by (4), depends on the waves and does not

depend on the initial level of background turbulence,

provided it already exists. Otherwise, it can be gener-

ated by the Phillips (1961) mechanism as mentioned in

the introduction, but this is not necessary, as the ocean

is always turbulent.

Various experiments were designed to test the sensi-

tivity of the results to secular trends in the wave climate.

In experiment A we calculate the wave-induced anom-

alies based on two simulations with and without SWM for

the years 1994–2009 using the original WAVEWATCH

III hindcast. Any trends in the wave hindcast that

include the year 1993 are unreliable, because of a well-

documented step change in the data assimilation prac-

tices at that time (Durrant et al. 2014). This step change

is associated with the introduction of surface winds

derived from the Special Sensor Microwave Imager

(SSM/I) data and the associated reduction in model

bias. Thus we have confined our simulations to the

January 1994 to January 2010 period, for which the

trends in the wave hindcast resemble those calculated

from altimeter observations (Young et al. 2011). Ex-

periment B was designed to test the physical signifi-

cance of secular trends in the wave dataset and differs

from experiment A only in that a simple linear trend

based on the monthly mean values has been subtracted

from the WAVEWATCH III data at each grid point.

The trends were calculated from the difference between

January 1994 and January 2009. To check that the

trends were not sensitive to the specific time period

used, we repeated this detrending process with different

beginning and end years, as well as with the beginning

and end dates moved to July rather than January: the

global pattern of linear trends was qualitatively similar

in each case. In experiment C we calculate the wave-

induced anomalies from two 16-yr simulations with and

without SWM, where the atmospheric boundary con-

ditions and wave forcing from the year 1994 are re-

peated every year to rule out the possibility of secular

trends and interannual variability. In experiment C

the model state is allowed to evolve continuously

during these repeated years of atmospheric forcing (see

Table 1 for a summary of experiments).

3. Results

a. Seasonal effects of SWM

A detailed explanation of the seasonal SWM effects

around the globe can be found in the study by Walsh

et al. (2017), who employed a very similar model setup

to that used in the present paper. Here we present an

overview of these seasonal effects, which are critical for

understanding the secular SWM effects discussed in the

next section. Figure 1 shows the specific effect of SWM

for each season, averaged over the 1994–2009 simulation

period and using the original WAVEWATCH III

hindcast (experiment A). In December–January–

February (DJF), the Southern Hemisphere summer, the

extra mixing from SWM has a cooling effect of 0.58 to
1.08C close to the surface over much of the Southern

Ocean (Fig. 1a). The 5- and 77-m depths were chosen to

correspond to the depths of the most significant anom-

alies in temperature shown (for example) in Fig. 2. This

extra mixing corresponds to extra heat mixed down into

the thermocline (seen at 77-m depth in Fig. 1b). During

June–July–August (JJA), the winter mixed layer in the

Southern Ocean becomes very deep, entraining some of

the remnant thermocline heat anomalies (i.e., those that

are generated in the summer and persist beneath the

mixed layer until winter) back toward the surface,

leading to slight relative warming near the surface and at

77-m depth (Figs. 1c,d). This relative surface warming is

also partly attributable to the extra mixing between the

extremely cold surface layer at high latitudes and the

slightly warmer mixed layer (Walsh et al. 2017). Very

similar patterns are seen in the Northern Hemisphere

for the opposite seasons, with the exception that the

summer surface cooling due to the inclusion of SWM

seen in the high latitudes of the North Pacific and North

Atlantic reaches larger peak values (1.08 to 1.58C cool-

ing) compared to the Southern Ocean.

A different perspective on the seasonal SWM effects

in the high latitudes can be seen in Fig. 2, which shows

the temperature anomalies from SWM as a function of

depth and time for the first five years of the simulation,

averaged over the SouthernOcean (508–708S). From this

TABLE 1. Summary of experiments.

Experiment name Description

Experiment A Compares simulations with and

without SWM

Experiment B As in experiment A, but with

detrended wave inputs

Experiment C Repeated 1994 boundary

conditions, with and without SWM
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perspective we can see that the summer warming of the

thermocline occurs throughout the 50–120-m layer and

that the winter warming of the mixed layer seen in Fig. 1

also corresponds to a slight cooling of the 75–200-m layer

(this is due to extra mixing of the cold surface layer dis-

cussed above). FromFig. 2 it is also clear thatmany of the

seasonal anomalies from SWM persist between the sea-

sons and years: this is particularly obviouswith the deeper

cool anomalies in the 100–200-m layer and the warm

anomalies that migrate between the summer thermocline

and the winter mixed layer.

In the equatorial regions, the most obvious effect of

SWM is the relative warming of the upwelling zones

near the west coasts of South America and Africa

(Fig. 1b). At 5-m depth in these regions there is a relative

warming effect from SWM of around 0.58 to 1.58C.
These warm anomalies are highly correlated with the

positions of the ‘‘cold tongues’’ where the absolute

surface temperatures are relatively cool. A possible

explanation for this effect is changes in horizontal ad-

vection. At deeper levels in these regions there is a

wave-induced warming effect, where SWM is enhancing

the entrainment at the base of the relatively shallow

mixed layer (mixed layer depths not shown). This ther-

mocline warming is also present further to the west in

both ocean basins, albeit at greater depths than what is

shown in Fig. 1 owing to the much deeper mixed layers

(not shown). Note that swell waves propagating from

higher latitudes are the most likely source of SWM in

this region (eastern Pacific), since the local wind speeds

are consistently low. This is consistent with the absence

of this particular SWM signal in the study ofWalsh et al.

(2017), who computed the wave heights directly from

the local wind speed and thus neglected any effects of

swell. Nevertheless, the resolution of the atmospheric

forcing and the ocean model used here are coarse

compared with that needed for best representation of

eastern Pacific upwelling (Small et al. 2014).

Figure 3 shows how the model temperatures at 5-m

depth compare with observational data from the World

Ocean Atlas 2009 (WOA09) data (Locarnini et al. 2010;

Antonov et al. 2010). The model biases (means for DJF

and JJA, no waves) are in the range of 238 to 38C and

are mostly positive (Figs. 3a,c). To show how these

biases change when SWM is included, we have taken the

difference in the absolute values of the errors calculated

with and without SWM (Figs. 3b,d). In this figure, neg-

ative values indicate reduced bias. In the midlatitudes,

the effect of SWM on the model skill is largely positive,

with widespread reductions in error of around 0.58C.

FIG. 1. Average wave-induced temperature anomalies over the simulation period (1994–2009) from experiment A,

with labels indicating seasons and depths.
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In the tropics, the effect of SWM on the model skill is

largely neutral, but notably with increases in model error

in the upwelling zones in the eastern Pacific and Atlantic.

Figure 1 shows that the surface temperature anomaly

induced by SWM in the eastern Pacific is positive while

the anomaly in the Atlantic upwelling zone is negative.

The effect of SWM on the model skill in the 0–300-m

layer as a whole is discussed in the next section.

b. Regional changes in ocean heat content

Here we investigate the geographical distribution of

wave-induced OHC, using the vertically integrated

temperature over the 0–300-m layer (approximately the

depth below which the SWM effect is negligible; see

Fig. 2). Figure 4c shows the existing model biases com-

pared to the WOA09 data, where the model data are

averaged over the simulation period (1994–2009). The

WOA09 data are interpolated to match the MOM5 grid

and are displayed for reference in Fig. 4a. Whether the

bias is positive or negative is highly variable in space,

although it appears that overall there is a slight positive

bias. The largest changes in OHC due to SWM (Fig. 4b)

appear in the equatorial regions (except in the Indian

Ocean) and in the midlatitudes, where the signal is

positive. The only region with consistently negative

wave-induced OHC is around the Antarctic coast: this

reduced OHC corresponds to the wave-induced cool

anomalies in the 100–200-m layer discussed in the pre-

vious section. The size of the wave-induced signal in

OHC (Fig. 4b) is relatively small compared to the cor-

responding model error (Fig. 4c). Nevertheless, Fig. 4d

shows that including SWM can reduce this error in some

regions (e.g., the equatorial Pacific), while increasing it

in other regions (e.g., Indian Ocean). Since SWM typi-

cally increases the local OHC by enhancing vertical

mixing, improvements in the simulation tend to occur in

those regions that have preexisting negative biases. The

reducedOHC aroundAntarctica, however, also appears

to be improving the model simulation of OHC by a

small amount.

c. The effect of secular trends and interannual
variability in wave climate

In this section, we examine the time evolution of

wave-induced OHC and investigate the extent to which

secular trends in the wave forcing dataset can modify

this SWMsignal.We test this sensitivity to secular trends

in wave climate by repeating the simulations with

detrended wave forcing (experiments B and C).

Figure 5 shows the distribution of significant wave

height trends in the Southern Hemisphere from the

original wave hindcast (experiment A) and from the

detrended wave hindcast (experiment B), for the 1994–

2009 period. The trends in the original wave hindcast,

FIG. 2. SWM-induced temperature anomalies (8C) averaged over the Southern Ocean

(508–708S) from experiment A, for the first five years of simulation (January 1994 to December

1998); x axis shows time inmonths starting at January 1994. The solid line indicates the depth of

the mixed layer averaged over the Southern Ocean region, while the dashed lines indicate year

boundaries.
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from both the monthly means and from the monthly

99th-percentile values, are largely positive (0.5% to

1.0% yr21) over most of the Southern Ocean, particu-

larly in the region just west of the Drake Passage. The

trends in the 99th-percentile values show more extreme

variation, with generally larger positive trends as well as

isolated regions of negative trends that are not obvious

in the case of the monthly means. The area of ocean

showing statistically significant trends in experimentA is

larger for the case of the mean values compared to the

extreme values, although in both cases the trends are

mostly not statistically significant. For experiment B the

mean trend has been subtracted from the wave hindcast

at each grid point: this predictably neutralizes most of

the trend in the monthly mean wave heights (Fig. 5b),

but many of the trends in the 99th-percentile values

remain (Fig. 5d). Thus while the wave forcing in ex-

periment B is said to be detrended, there remains some

uncertainty about whether the total mixing will still in-

crease over the simulation period, particularly if the

extreme wave heights are responsible for an inordinate

amount of mixing. Subtracting the trends based on the

99th-percentile values would neutralize the trend in the

extreme values but give nonzero trends in the mean

values. We then calculate a further trend analysis using

the nonparametric seasonal Mann–Kendall test (SKT),

to be consistent with Young et al. (2011). This trend

analysis method is applied to the wave forcing used in

experimentA, which has not been detrended in any way,

and the wave forcing used in experiment B, which has

already been detrended using the linear regression

method described above. This difference in trend esti-

mation is responsible for the isolated regions of appar-

ently nonzero trend in the ‘‘detrended’’ wave data

(Fig. 5b). Note that the differences in model results are

small between this experiment (experiment B) and the

no-trend experiment where the year 1994 is repeated for

16 consecutive model years (experiment C). This in-

dicates that the residual trends shown in Fig. 5b have

little impact on the final results.

For the wave forcing used in experiment C (the year

1994 repeated for 16 consecutive years), any plots

analogous to those in Fig. 5 would of course show zero

trend, but it could be argued that the particular choice of

year (1994) may not be representative. There is indeed

large interannual variability in significant wave heights,

FIG. 3. Comparison to World Ocean Atlas data 5-m temperature anomalies, DJF and JJA, for model results

averaged over the simulation period (1994–2009); (a),(c) difference between MOM-simulated temperatures with

no wave mixing (control) andWOA09 values; (b),(d) the change in the magnitude of the model biases when wave

mixing is included, with negative values indicating less bias.
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particularly in the Southern Ocean, yet the mean wave

heights for 1994 in both DJF and JJA are about average

compared to the other years in the 1994–2009 period

(Fig. 6).

Figure 7a shows the total OHC anomaly due to SWM

in each experiment, integrated over the entire ocean

down to 300-m depth, using

DOHC(t)5 c
p
r
0

ððð
DT(x, y, x, t) dx dy dz,

where DT is the potential temperature anomaly relative

to the control simulation, x is the zonal dimension, y is

the meridional dimension, z is height, t is time, and cp
and r0 are the heat capacity and density of seawater,

respectively, held constant at 4000 JK21 kg21 and

1027kg21m23. In spherical coordinates,

DOHC(t)5 c
p
r
0
R2

� p

180

�2
ððð

DT(u,f, z, t)

3 cosf df dudz,

where R is the radius of Earth, f is latitude, and u is

longitude. In all three experiments (A, B, and C), the

wave-induced anomaly in total global OHC increases

steadily from zero at the beginning of the simulation

in 1994, somewhat stabilizing at around 9 3 1022 J by

the end of the simulation in 2010. For reference, the

mean global OHC (relative to 08C) in the control

simulation from 1994 to 2010 is 5.7 3 1024 J. The ac-

cumulation of heat in each experiment progresses as a

series of step changes during each Southern Hemi-

sphere summer (DJF). There are only very small dif-

ferences in the secular rate of accumulation in each

experiment, especially between experiments A and B

where the only difference is the secular trend (de-

trended in experiment B). The difference between

experiment C and experiment A (or B) is most likely

due to the absence of interannual variability in ex-

periment C, rather than any difference in trend. The

apparent insensitivity of the wave-induced OHC sig-

nal to secular trends suggest that the secular changes

in the physical amount of wave-induced mixing are

negligible. The specific OHC signal in the Southern

Ocean for each experiment is shown in Fig. 7b,

showing that in all three experiments the wave-

induced OHC reaches a quasi-steady state by the

end of the fifth year, varying seasonally between

FIG. 4. Comparison toWorld OceanAtlas data, vertically integrated temperature (0 to 300m) (in m 8C) averaged
over the simulation period (1994–2009): (a)WOA09 values, (b) MOM-simulated biases for the no waves (control)

experiment, (c) the differences between the waves and the no waves experiment, and (d) the change in bias due to

the introduction of wave mixing, with negative values indicating an improvement.
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23 1021 and 123 1021 J. For reference, the meanOHC

(relative to 08C) in the Southern Ocean in the control

simulation from 1994 to 2010 is 4.2 3 1023 J.

4. Discussion and conclusions

We tested a parameterization of SWM in a high-

resolution ocean model (MOM5) and documented the

secular physical effects in the ocean. By enhancing the

vertical mixing in the upper ocean, SWM can lead to a

relative cooling or warming effect that varies with lat-

itude and season. For example, swell propagating

across the equator can mix and warm the thermocline.

Waves in the Southern Ocean can cool the surface in

summer and lead to a slightly warmer surface in winter

(relative to a simulation without SWM; see Fig. 2). This

extra mixing also generally increases the local OHC in

the equatorial and subtropical regions, while near the

Antarctic coast the OHC is slightly reduced. Although

the wave-induced component of OHC increases

steadily over the simulation period (see Fig. 7), we find

that this is not a function of any secular change in wave

climate, but rather a response of the simulated ocean

climate to a new source of mixing. Note also that the

different trends in the Southern and Northern Hemi-

sphere wave heights shown in Fig. 5a will lead to a re-

duced global signal in OHC. Near-identical signals in

wave-induced OHC are found regardless of whether

or not the wave forcing is detrended over the 16-yr

simulation period.

The temperature and heat anomalies caused by

SWM can lead to reduced model errors in some regions

and increased errors in other regions, when compared

with data from the World Ocean Atlas (Figs. 3 and 4).

For example, the summer SST biases throughout the

midlatitudes are generally decreased by around 0.58C.
In the tropics, the effect of SWM on SSTs is largely

neutral. SWM generally increases the local OHC,

so only those regions with preexisting negative biases

in OHC experience corresponding error reductions.

Some earlier studies of SWM effects have noted the

importance of atmosphere–ocean coupling, which is

absent in the present study. For example, Song et al.

(2007) showed that including SWM could help

reduced a persistent cold bias in the surface equatorial

Pacific by facilitating a better representation of the

Bjerknes feedback (e.g., Cane 2005) between the ocean

and atmosphere.

FIG. 5. Trends in significant wave heightHs from the WAVEWATCH III hindcast (top) before (experiment A)

and (bottom) after (experiment B) linear detrending. Trend values and statistical significance (p, 0.05; black dots)

are calculated over the 1994–2009 period according to the SKT. The trends are expressed as percentage changes

relative to the mean value at each location over the 1994–2009 period.
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As noted above, a limitation of the experimental

design shown here is these are not coupled ocean–

atmosphere experiments. Here the atmospheric forc-

ing is specified and there is no feedback from the ocean

to the atmosphere. Additionally, the fixed atmosphere

will tend to dampen changes in the ocean temperature,

likely reducing changes in ocean heat content due to

SWM. Thus the experiments here may indicate a lower

limit to the ocean response. It would be useful to ex-

amine the effect of SWM in a coupled model simulation.

A further issue is that the introduction of waves may

alter the shear frequency M in (2), although this effect

was not incorporated in this study.

It must be pointed out that the tuning of MOM5

(without waves) may in fact implicitly incorporate some

SWM effects, if indeed SWM does occur in the real

WorldOcean. For example, the value of the steady-state

Richardson number (Ri 5 0.25) sets the vertical mixing

profiles in the k-« model and has been tuned to match

observations at ocean weather station (OWS) Papa

(Burchard and Bolding 2001). Thus introducing SWM

without adjusting any other parameters may be in some

sense ‘‘double counting’’ the effect of SWM if indeed

SWM was an important factor in setting the observed

temperature profiles. If this were true, it may go some

way in explaining the increased error in OHC caused by

introducing SWM, for example, the excessive thermo-

cline warming seen throughout the subtropics in Fig. 4.

In summary, the incorporation of a parameterization of

unbroken wave mixing improves the MOM5 simulation of

surface temperature, but its effect on themodels’ simulation

FIG. 7. Wave-induced anomalies in ocean heat content (0 to 300m) for the (top) globe and

(bottom) Southern Ocean (408–708S).

FIG. 6. Mean significant wave heights Hs over the Southern

Ocean (408–708S) for DJF (circles) and JJA (crosses) from the

original WAVEWATCH III hindcast. Year values indicate central

month of average (e.g., DJF 1994 corresponds to the average of

December 1993, January 1994, and February 1994).
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of ocean heat content is not as dramatic. Owing to the im-

portance of ocean heat content as a diagnostic of ocean

circulation changes,morework is required to investigate the

reasons for this discrepancy. Numerous studies have shown

an increase in global ocean heat content over the past few

decades (Abraham et al. 2013). Changes in ocean heat

content constitute about 90% of the total global energy

imbalance due to anthropogenic climate change (Bindoff

et al. 2007), and thus projections of future changes in this

quantity need to be as accurate as possible for the projection

of future global temperature changes and sea level rise.
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