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Abstract A new parameterization of mixing processes in the upper ocean is tested in a 1=48 resolution
global ocean climate model. The parameterization represents the effect of turbulent mixing by unbroken
waves as an additional turbulent shear production term in the k-epsilon mixing scheme. The results show
that the inclusion of this parameterization has a noticeable effect on ocean climate, particularly in regions
of high wave activity such as the Southern Ocean. Inclusion of this process also leads to some reduction in
the biases of the simulated climate, including mixed layer depth, compared with available observations.

1. Introduction

The representation of air-sea interaction processes in climate models is crucial for the simulation of ocean
and atmosphere climate. In addition to modifying and facilitating, the exchange of momentum between
the ocean and atmosphere [e.g., Moon et al., 2007], waves can also modify the mixing processes in the
upper part of the ocean before they pass their respective momentum share to the ocean. There have been
substantial advances made in the formulation of these processes in ocean climate models: for instance, the
ocean model in the IPSL-CM5 coupled ocean-atmosphere climate model [Dufresne et al., 2013] used for the
CMIP5 simulations [Taylor et al., 2012] contains a representation of Langmuir circulations and surface wave
breaking. While it is well known that wave breaking can cause turbulent mixing in the upper ocean, the
focus in the present study is on mixing caused by unbroken waves. This effect differs from Langmuir circula-
tions in that mixing by unbroken waves represents a direct impact of the orbital motion of the waves them-
selves rather than mixing generated by Stokes drift [D’Asaro, 2014]. We do not examine the effects of
Langmuir mixing in this study. The present study is motivated by experimental evidence that turbulence
generation persists in the presence of unbroken waves [e.g., Babanin et al., 2005; Babanin, 2006], although
this theory remains controversial (see section 4).

At present, mixing by unbroken waves is not routinely included in ocean climate models. Some testing of
its effect has been performed previously, indicating that its incorporation into climate models can improve
the simulation of ocean climate. Qiao et al. [2010] showed that the inclusion of a parameterization of this
process into the Princeton Ocean Model gave a considerable improvement in the simulation of upper-
ocean temperature, warming the upper 50 m of the ocean by 1–28 and increasing the mixed layer depth in
summer by several tens of meters, giving better agreement with observations. Shu et al. [2011] imple-
mented the Qiao parameterization in the Modular Ocean Model version 4 (MOM4) model [Griffies et al.,
2004], showing that the increased mixing reduced the sea surface temperature (SST) and improved the rep-
resentation of the mixed layer depth. In a comprehensive study, Fan and Griffies [2014] examined the
impact of three different representations of wave-induced mixing, including Langmuir-based schemes and
the unbroken wave-induced mixing scheme of Qiao et al. [2004, 2010]. The results from the Qiao scheme
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showed substantial effects in the Southern Ocean, with strong deepening of the mixed layer in the summer
but a much weaker effect in winter. The overall effect of the inclusion of the parameterization was an
improvement of the simulation of the mixed layer in this region.

In the experiments of Qiao et al. [2004, 2010], the KPP mixing scheme was employed [Large et al., 1994]. In
this parameterization, a mixing profile of a specified polynomial shape is modified by changes in buoyancy
and momentum. A disadvantage of this approach is that incorporating the individual processes that cause
upper ocean mixing, including unbroken wave mixing, involves making assumptions about modifying the
specified mixing profile, whose parameterization characteristics have already been determined from the
total mixing, not the total mixing minus any wave-induced component. Thus, it becomes difficult to disen-
tangle the individual mixing processes from the total mixing in the upper ocean. An alternative approach is
provided here that enables the wave-induced mixing component to be specified separately, as a modifica-
tion of the k-epsilon mixing scheme [Rodi, 1987]. The wave-induced mixing scheme employed here
[Ghantous and Babanin, 2014a] is added as an additional term in the turbulence production equation in the
k-epsilon scheme (see section 2, for more details). This approach explicitly isolates the effect of the wave-
induced mixing in a simple parameterization.

In addition to causing changes in ocean climate, unbroken wave-induced mixing can cause changes in
atmospheric climate. Previous simulations of the wave-mixing effects in a climate model of intermediate
complexity clearly demonstrated significant feedbacks from the ocean because of the additional mixing
due to unbroken waves [Babanin et al., 2009]. This affects both magnitudes and global distribution of atmo-
spheric features such as pressure patterns and rainfall, as well as the phase of seasonal variation of such fea-
tures. For example, when wave mixing is included, rainfall in summer months in south eastern Asia
increased by 3 mm/d [Song et al., 2012], resulting in a significant bias reduction when compared to a
merged observational analysis of precipitation. While atmospheric effects are not simulated in the present
study, we show that the inclusion of unbroken wave mixing has a substantial effect on local SSTs in a num-
ber of regions of the ocean, thus indicating the potential for both oceanic and atmospheric climate effects.

Section 2 outlines the details of the unbroken wave-mixing parameterization and its implementation in an
ocean climate model. Section 3 gives the results: we find that the parameterization causes noticeable regional
changes in ocean temperatures in high wave regions of the ocean, and overall gives some improvement in
the simulation. Section 4 provides a discussion and brief conclusions of the study are contained in section 5.

2. Methods

The model employed is the Modular Ocean Model (MOM) version 5.02 [Griffies, 2012], a hydrostatic primi-
tive equation ocean GCM, a version of which has been developed and tested by researchers at the Austra-
lian Research Council Centre of Excellence in Climate System Science. The horizontal resolution of this
version of the model used is approximately 1=48, with 50 vertical levels and is initialized from a MOM5 ocean
model run using the CORE-II IAF interannually varying atmospheric boundary conditions [Large and Yeager,
2009; Griffies et al., 2012]. These data have an archive interval of 6 h and the wind forcing input to the model
is interpolated from this time interval to a forcing interval of 30 min. The model is initialized with tempera-
ture and salinity fields from the World Ocean Atlas (2009) [Locarnini et al., 2009; Antonov et al., 2010] and
then run with the CORE-II IAF forcing for 32 years (1948–1979) as a spin-up. The modeling system employed
here has no interactive atmospheric component and all atmospheric forcing fields are specified by the
CORE-II IAF forcing. After spin-up, the model is then run with and without wave-induced mixing, for a period
of 1 year (1980). To assess the impact of interannual variability and of model spin-up, a further spin-up is
performed from 1980 to 2006 and then a similar comparison run for the year 2007 is performed with and
without wave mixing. The spin-up periods were run without wave-induced mixing. For comparison of the
CORE-II interannual variation to the two selected years, Figure 1 shows the interannual variation of July
average 10 m wind speed in the CORE-II data, over all longitudes of the Southern Ocean between 408S and
658S. This variation is substantial and there is an upward trend. The selected years 1980 and 2007 represent
values toward the lower end of the wind speeds in recent decades, with 2007 having slightly higher wind
speeds than 1980. These two selected years thus represent an approximate lower bound for the effect of
the inclusion of wave-induced mixing. Since the purpose of our simulation is simply to test whether the
inclusion of this parameterization of wave-induced mixing produces substantial changes in the ocean
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climate that have the potential to
improve the climate simulation, 2
years of simulation for comparison is
sufficient. In addition, we compared
the temperature biases of the two
selected years with the average of the
longer run without waves (1980–2007),
finding that the biases of the two
selected years are similar to those of
the longer run (not shown).

For the ocean mixing specification in
MOM5, we use the k-epsilon one-
dimensional mixing scheme [e.g., Rodi,
1987] as included in the GOTM model-
ing suite [Umlauf and Burchard, 2005;
specific values of the default parame-
ters used here for the k-epsilon can be
found in Umlauf et al., 2012, p. 70]. The
parameterization of wave-induced
mixing employed is that of Ghantous
and Babanin [2014a]. The reader is
referred to that paper for the details of
this parameterization, but briefly

described this parameterization assumes that the wave orbital motion itself of unbroken waves can cause
mixing through the generation of turbulence. Here this parameterization has been implemented in GOTM
as a modification of the k-epsilon scheme. The k-e scheme calculates the competing effects of the turbulent
kinetic energy (k) versus the dissipation of that energy, and so calculates an approximate to the turbulent
viscosity which determines turbulent mixing. The wave-induced mixing is included as an additional term in
the turbulent kinetic energy production, where it is added to the shear production term.

The shear (P) and buoyancy production (G) are given by

P52hu0w0i @U
@z

2hv0w0i @V
@z

G5hw0b0i

where u0, v0, and w0 are the zonal, meridional and vertical turbulent velocities, respectively, U and V are the
mean zonal and meridional velocities and b0 is the turbulent buoyancy term. The shear production is param-
eterized in the model by

P5m M21aN2
� �

1W

where v is the turbulent diffusivity of momentum, M is the shear frequency, and aN2 is a term related to a
parameterization of the breaking of internal waves, first suggested by Mellor [1989]. The extra production
term W is here replaced by the wave-induced mixing parameterization:
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2
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where b is an empirical constant (here specified as 0.0014; Young et al. [2013]), k is the wave number, x is
the angular frequency, Hs is the significant wave height, and z is the vertical coordinate (negative for ocean
values). The mixing therefore decreases rapidly with depth.

To represent the wave period and significant height, the wave parameterization of Pierson and Moskowitz
[1964], as employed by Ganopolski et al. [2001], is used here [see also Babanin et al., 2009]. This simple
parameterization calculates the wave amplitude a and frequency x from the anemometer height (10 m)
wind speed U, assuming a fully developed sea:

Figure 1. Interannual variation of July average Southern Ocean 10 m wind speed
from the CORE-II IAF forcing, averaged over latitudes 40S to 65S. Wind speed is in
m s21. The years 1980 and 2007 (our test cases) are arrowed.
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where g is the gravitational acceleration. Here we assume that the significant wave height Hs 5 2a [Babanin
et al., 2009]. Tests were conducted using WAVEWATCH III wave heights as input [Tolman, 2009], as generat-
ed by the Australian Bureau of Meteorology, instead of the Pierson and Moskowitz (PM) parameterization,
to assess the impact of using a more realistic wavefield for the production of wave-induced mixing (not
shown). These tests showed only minor differences in the amount of wave-induced mixing in high-wave
regions compared with the PM parameterization, with some regional exceptions. For instance, differences
appear to be substantial during summer over Hudson’s Bay and the Sea of Okhotsk, with the PM parameter-
ization giving more cooling than the WAVEWATCH III waves. This is likely due to the PM parameterization,
being dependent only on wind speed, thus overestimating wave heights in these more closed basins com-
pared with the more realistic WAVEWATCH III model. Certainly, though, in the large high-wave regions of
the Southern Ocean, North Pacific and North Atlantic, there appears to be only minor differences between
the two.

Comparisons to observed data are made using the World Ocean Atlas (2009) data obtained from the U.S.
National Oceanographic Data Center (http://data.nodc.noaa.gov/woa/WOA09/).

3. Results

Figure 2 shows CORE-II interannual July 1980 mean 10 m wind speeds (Figure 2a) and the corresponding
significant wave heights from the Pierson-Moskowitz (PM) parameterization (Figure 2b). Here wave heights
are calculated using the PM parameterization from wind speeds at each archive interval and then averaged.
Naturally, the formulation of the parameterization dictates that there is considerable similarity between the
two patterns. In July 1980, wave heights are large in parts of the Indian Ocean and Southern Ocean, particu-
larly near Kerguelen Island (488S 698E), where parameterized wave heights are over 5 m. Results are also
shown for July 2007 (Figure 2c), with some differences seen over the Southern Ocean compared with the
1980 results. Comparing these to the long-term means from the observationally derived estimates of Sterl
and Caires [2005] (Figure 2d), there is considerable similarity, although there are some differences: for
instance, the wave heights over much of the Southern Ocean are less in the PM parameterization than in
the observational estimates. This is likely due to the absence of swell in our results. Comparison with the
corresponding maps of observed July interannual standard deviation (Figures 2e and 2f) shows consider-
able agreement between the magnitude of the standard deviation from the PM parameterization and the
Sterl and Caires [2005] results in the Southern Ocean, although there are important differences in the equa-
torial regions. The same comparison for December (Figure 3) shows peak parameterized wave heights of
between 4 and 5 meters in the North Atlantic and North Pacific (Figure 3b) versus similar peak values in the
Sterl and Caires wave atlas (Figure 3d). In the Southern Ocean, parameterized wave heights for December
1980 (Figure 3b) are 2–3 m or so, versus 3–4 m in the wave atlas; simulated wave heights are slightly higher
in this region for December 2007 (Figure 3c). Thus, since parameterized wave heights tend to be less than
observed wave heights, the estimates of the effects of wave-induced mixing made in this study will likely
somewhat underestimate the actual effect.

The additional mixing effect caused by the introduction of wave-induced mixing is shown in Figure 4, which
compares the diffusivity (v in the shear production term P above) at a depth of 5 m as estimated in the k-e
mixing scheme, with and without wave-induced mixing, and the difference between the two for July (Fig-
ures 4a and 4b), bottom plot; Figure 4a shows 1980 results and Figure 4b shows 2007 results). The net effect
of the introduction of the wave-induced mixing parameterization in both years is to increase mixing almost
everywhere at this depth. For example, global average values of v at 5 m depth for July 2007 are 0.042 m2

s21 for the simulation without wave mixing and 0.067 m2 s21 with wave mixing, an increase of more than
50%. Regions where the mixing decreases with the inclusion of wave-induced mixing tend to be in regions
of low wave height (compare Figure 2b). Since the effect of the inclusion of wave-induced mixing is to
increase the shear production, these must be regions where the buoyancy production is decreasing. The
same plot for December (Figure 5) also shows a dominant pattern of mixing increase. Global average values
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Figure 2. (a) Monthly average wind speed for July 1980 from CORE-II interannual forcing (m s21); (b) the corresponding wave height (m)
calculated by the PM wave parameterisation; (c) PM wave height for July 2007; (d) observed significant wave heights (m) from Sterl and
Caires [2005], 1971–2000 July mean; (e) simulated standard deviation of the July monthly mean of significant wave height (m), as
calculated from the CORE2IAF wind forcing (1948–2007); and (f) the same as Figure 2e but from Sterl and Caires [2005]. Wave atlas
accessed from http://projects.knmi.nl/wave_atlas.
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Figure 2. (continued)
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Figure 3. Same as Figure 2 but for December.
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Figure 3. (continued)
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of v at 5 m depth for December 2007 are 0.034 m2 s21 for the simulation without wave mixing and
0.057 m2 s21 with wave mixing. Comparing these results to July, there is a shift between hemispheres of
the regions of substantial decreases in mixing, with these located mostly in the tropical and subtropical
regions of the respective winter hemisphere, between about 108 and 308 latitude.

Figure 4. (a) Diffusivity (m2 s21) at 5 m depth, for July 1980, without (top plot) and with (middle plot) the wave-mixing parameterization,
and the difference, mixing included minus without (bottom plot). (b) The same as Figure 4a for 2007.
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To examine the variation in changes in mixing with depth, Figure 6 shows the diffusivity at 25 m depth for
July 1980 and July 2007. Some differences from the pattern at 5 m depth can be seen. In the southern hemi-
sphere tropics and subtropics, there are regions of decreases in diffusivity that are broader in geographical
extent than at 5 m depth. This could be caused either by decreases in shear or of buoyancy production of

Figure 4. (continued)
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turbulence in this region, most likely associated with advective processes, although this has not been inves-
tigated here. In contrast, in the high wind regions of the Southern Ocean, simulated increases in mixing at
25 m are similar to those at 5 m (compare Figure 4). In the northern hemisphere, increases in mixing at this
depth are smaller than they are at 5 m. A possible reason for this is that in most of these northern

Figure 5. (a) Same as Figure 4a but for December 1980. (b) Same as Figure 5a but for December 2007.
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hemisphere summer regions, a depth of 25 m is below the mixed layer depth (compare Figure 5). Thus, at this
depth, changes in shear or buoyancy production between the two simulations would likely be minimal, so the
smaller values in the difference field in these regions in Figure 6 shows the effect of the declining influence with
depth of the wave-induced mixing parameterization. In addition, wave heights in July in the Northern Hemi-
sphere are lower, thus the wave-induced mixing effect will decline rapidly with depth in these regions.

Figure 5. (continued)
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Changes in the mixed layer depth also indicate strong increases in mixing. Due to the inclusion of the
wave-mixing parameterization, mixed layer depth increases substantially over most regions of high wave
activity (Figures 7 and 8). Even so, the mixed layer depth in many regions is similar with and without wave-
induced mixing. Note the use of a nonlinear scale for the difference plot in these figures, for best display of

Figure 6. (a) The same as Figure 4a but for 25 m depth. (b) The same as Figure 4b but for 25 m depth.
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the pattern of differences. The mixed layer depth used here is that output by MOM5 and is defined using a
density criterion, similar to that of Levitus [1982]. In July (Figure 7), mixed layer depths are very large in the
Weddell Sea due to the production of bottom water in those regions [e.g., Gill, 1973]. Mixed layer depths
are greatest overall in the winter hemisphere and generally greater at higher latitudes. The difference fields

Figure 6. (continued)
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for July 1980 (Figure 7, bottom plot) show strong deepening of the mixed layer throughout the Southern
Ocean due to the introduction of the parameterization. In other regions, increases in mixed layer depth pre-
dominate but there are also regions of decreases, particularly in the Southern Hemisphere subtropics. The
areas in lightest red and blue show regions where the change in mixed layer depth is less than 1 m and are
therefore physically insignificant. These include most of the Southern Hemisphere subtropics and regions in

Figure 7. The same as Figure 4 but for mixed layer depth (m).
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the Northern Hemisphere also dominated by the subtropical highs. In December 1980 (Figure 8, bottom
plot), similar increases to July are seen in the Southern Ocean, but now there are additional regions of
increases over the higher latitude regions of the Northern Hemisphere. Areas of small differences once
again include the Southern Hemisphere subtropical regions and some equatorial regions. In the North
Atlantic northwest of the British Isles, there are substantial regions of decreases, indicating that advective

Figure 8. The same as Figure 7 but for December 1980.
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effects may be playing a role in changes in these locations, as these would at least have the potential to
counteract the overall effect of increased mixing due to the inclusion of the wave-induced mixing
parameterization.

The changes in wave mixing introduced here cause associated changes in upper ocean temperatures.
Figures 9–11 show changes in temperature at 5 m depth for July 1980 (Figure 9), July 2007 (Figure 10), and
December 1980 (Figure 11). The results show a marked hemispheric asymmetry at 5 m. In the summer
hemisphere, there is predominantly cooling at this depth, whereas mostly warming occurs in the winter
hemisphere. This can be explained by noting that the inclusion of additional near-surface mixing will tend
to make temperatures at 5 m more similar to the deeper ocean values. In winter, this would lead to warm-
ing near the surface, as the immediate surface layers tend to be cooled by the winter atmospheric tempera-
tures. In summer, increased surface mixing would lead to cooling at a depth of 5 m as the warm near-
surface layer is restored to cooler values. At a depth of 55 m (Figure 12), the effect of the inclusion of the
additional parameterized mixing is to warm this layer in most locations globally, with this time the warming
being greater in the summer hemisphere, due to increased downward mixing of heat from warmer near-
surface depths.

The pattern of results for 2007 (Figure 10) is very similar to 1980. There are some minor differences in the
magnitude of the differences: for instance, the band of increases in temperature at high southern latitudes

Figure 9. Simulated July 1980 mean temperature at a depth of 5 m (8C), for simulation without wave-induced mixing (top plot) and the
difference, with wave-induced mixing included minus without.
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appears slightly more intense, and there are other minor differences in the response in other regions also.
Nevertheless, for all fields the pattern of the 2007 results is similar to the 1980 results.

To assess whether the inclusion of wave-induced mixing represents an improvement, simulated biases for
the 2 years versus observations from the World Ocean Atlas (2009) are shown in Table 1. Shaded values
indicate the regions where the inclusion of wave-induced mixing has reduced the absolute bias. Biases are
reduced in almost all regions for 5 m ocean temperatures, but results are more equivocal at greater depths,
with only about half of the selected regions demonstrating improvement at 25 m and 55m. The same com-
parison is shown in Table 2 for mixed layer depth. For the observed mixed layer depths, the same density
criterion for defining the mixed layer depth was used as in the MOM5 model output. The results show that
biases are improved on average over the globe and throughout the Southern Hemisphere, sometimes quite
considerably. For instance, over the Southern Ocean, the model’s shallow mixed layer bias is improved. In
contrast, biases in much of the Northern Hemisphere are slightly larger when wave-induced mixing is
introduced.

To assess the overall changes in temperature with depth, profiles of changes of temperature with depth are
shown both for averages with depth taken over the globe for 1980 (Figure 13a) and only over the Southern
Ocean, the region with the largest area of high waves (Figure 13b). The same profiles for 2007 are shown in
Figures 13c and 13d. Globally, the profiles show a slight cooling in July very close to the surface, but this
becomes a net drawdown of heat at greater depths, with the warming becoming small below about 150 m.
Thus, the net global effect of wave-induced mixing is to cool the atmosphere but warm the ocean. Global

Figure 10. The same as Figure 9 but for 2007.
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average depth-integrated warming of the ocean to a depth of 800 m due to the additional mixing is small,
about 0.018C in July 2007 and about 0.028C in December 2007 (Figure 13c). Over the Southern Ocean only
(Figures 13b and 13d), the effect is larger than over the globe as a whole, but still quite small compared to
ocean temperature anomalies caused by, for instance, ENSO [e.g., Sarachik and Cane, 2010]. Figure 14
explains this result by showing that the effect of the extra wave-induced mixing is to flatten the profile at
almost all levels, although the effects are naturally greatest closest to the surface.

The simulated global ocean warming of about 0.01–0.028 over 800 m of ocean depth would correspond to
the heat equivalent of an atmospheric cooling of about 0.8–1.68 through the depth of the entire global
atmosphere. This atmospheric cooling caused by the introduction of the parameterization of unbroken
wave-induced mixing would be concentrated in the lower part of the atmosphere, however, thus the poten-
tial atmospheric cooling close to the surface in the atmosphere would likely larger be than this. This cannot
be tested directly here since the experiments here are using specified atmospheric conditions rather than a
coupled ocean-atmosphere model.

4. Discussion

The results show that the inclusion of this parameterization of unbroken wave-induced mixing has a sub-
stantial effect on surface temperatures in the midlatitudes but a more limited effect in most parts of the
tropics. This result is not entirely due to differences in wave heights, as there are parts of the tropics where
the wave heights from the Ganopolski parameterisation are comparable to wave heights in the mid-

Figure 11. The same as Figure 9 but for December 1980.
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latitudes, for instance in the central Indian Ocean. The typical temperature profile response in the upper
ocean to wave-induced mixing is shown Figure 14, which shows that the effect of wave mixing is generally
to flatten the profile at all depths. The more limited effect of wave mixing in the tropics is likely due to the
increased stability of the water column at these latitudes: the k-epsilon scheme depends on turbulent vis-
cosity and this is less in a more stable water column [e.g., Ghantous and Babanin, 2014a,b, their Figure 5].

The inclusion of the parameterization causes a drawdown of heat into the ocean of sufficient size that it is
likely to cause some cooling in the atmosphere. Ocean temperature differences near the surface due to this
effect are more than 18 in some regions of high wind speed such as the Southern Ocean. It would be useful
to test the impact on the atmospheric climate of the inclusion of the wave-induced mixing parameterization
in a high-resolution coupled ocean-atmosphere model. More generally, one could speculate on the possible
effects of future trends in wave climate on the global climate itself, if the wave-induced mixing process is
important in the real ocean. Projections of future wave climate indicate substantial increases in wave height
in the high wave region of the Southern Ocean [Hemer et al., 2013]. Based on the results presented here,
there may be a regional cooling effect of increased wave heights that is currently missing from climate
model projections. In contrast, in other regions of the globe where future decreases in wave heights are
projected, a regional warming effect may result. The magnitude of this possible missing climate signal has
not yet been quantified, however.

It is instructive to compare the results shown here to those of Fan and Griffies [2014], in particular to their
results produced with the Qiao parameterization of unbroken wave mixing. Fan and Griffies [2014] show

Figure 12. Difference in 55 m temperature (8C) for runs with wave-induced mixing minus without, for (top) July 1980 and (bottom)
December 1980.
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that this parameterization appeared to have a greater effect on mixed layer depths in the summer than in
the winter in the Southern Ocean. In the present study, in contrast, noticeable increases in mixed layer
depth due to the inclusion of wave-induced mixing are seen in both seasons (Figures 7 and 8). It is also clear
that the increased mixed layer depth in this region represents a slight improvement in the simulation of the
mixed layer, as simulated mixed layer depths without wave-induced mixing are typically smaller than
observed in the Southern Ocean (Table 2; also compare our Figures 7 and 8 with Fan and Griffies [2014],
their Figures 3a and 4a). A more definitive result could be obtained by simulating more years to create a cli-
matology of simulations that include wave-induced mixing. A longer model simulation would also be useful
to examine any biases with respect to observations in the simulated ocean temperatures and whether these
biases are reduced by the inclusion of the wave-induced mixing. Since the sign of the results is very similar
in the two years of simulations analysed here, although their magnitudes differ, results from a longer clima-
tological run should be similar in sign. Nevertheless, it is likely that a multiyear evolution of the mixed layer
depth will lead to large-scale circulation changes that could alter some of the perturbation patterns shown
here. We have not investigated this here, however.

The simple wave parameterization used here does not include swell, that is, waves propagating away from
their locations of generation and into regions of low ambient wind speed. The omission of swell causes
some inaccuracies in the simulated wavefields [e.g., Fan et al., 2014]. While some additional test simulations
have shown that this is not a serious issue in most regions for the purpose of this paper, if the wave-mixing

Table 1. Biases Versus the World Ocean Atlas (2009) Data (http://data.nodc.noaa.gov/woa/WOA09/) for the Two Simulated Years, With-
out and With Wave-Mixing Included, at Specified Ocean Depths for Selected Latitude Bandsa

1980 2007

December
Without

December
With

July
Without

July
With

December
Without

December
With

July
Without

July
With

5 m Temperature
Global 0.11 0.03 0.17 0.05 0.31 0.22 0.18 0.07
708S–508S 20.11 20.25 20.18 20.06 0.26 0.05 20.43 20.25
508S–308S 0.61 0.20 0.08 0.14 0.38 0.00 20.21 20.16
308S–308N 0.18 0.17 0.29 0.22 0.55 0.54 0.52 0.45
308N–508N 20.15 0.18 1.02 20.15 20.46 20.17 1.45 0.29
508N–708N 20.56 20.22 0.99 20.19 20.74 20.35 0.78 20.37
25 m Temperature
Global 0.06 0.08 20.05 0.09 0.27 0.29 20.01 20.11
708S–508S 20.15 20.18 20.16 20.04 20.03 0.01 20.41 20.48
508S–308S 0.27 0.15 0.14 0.20 0.22 0.03 20.15 20.42
308S–308N 0.20 0.24 0.13 0.21 0.65 0.68 0.46 0.27
308N–508N 20.08 0.25 20.65 20.20 20.40 20.11 21.23 20.30
508N–708N 20.49 20.16 20.73 0.01 20.67 20.29 20.71 20.33
55 m Temperature
Global 20.02 0.17 20.02 0.12 0.18 0.39 0.07 0.19
708S–508S 20.22 20.04 20.14 20.04 20.39 20.09 20.29 20.21
508S–308S 20.43 20.06 0.20 0.26 20.31 0.01 20.10 20.05
308S–308N 0.31 0.42 0.11 0.23 0.77 0.89 0.51 0.60
308N–508N 20.02 0.39 20.48 0.15 20.26 0.07 20.92 20.39
508N–708N 20.27 0.07 20.71 20.17 20.45 20.07 20.81 20.14

aRegions where the introduction of wave-induced mixing reduces the bias are shaded.

Table 2. The Same as Table 1 But for Mixed Layer Depth

mld

1980 2007

December
Without

December
With

July
Without

July
With

Dec
Without

December
With

July
Without

July
With

Global 26.9 20.9 24.4 20.7 29.14 23.85 217.48 212.56
708S–508S 239.3 222.7 239.5 227.2 248.18 236.94 287.72 270.86
508S–308S 216.2 212.2 234.3 230.7 210.16 24.80 235.21 229.14
308S–308N 8.2 10.2 9.4 10.2 8.10 10.07 8.68 9.72
308N–508N 26.0 5.0 2.9 3.6 22.48 7.89 2.57 2.89
508N–708N 10.4 14.3 1.8 3.8 219.51 212.65 2.25 4.42

The shaded areas indicate whether the inclusion of the parameterization improves the model simulation.
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parameterization is to be used routinely for
the purpose of improving simulations of
ocean climate, an improved representation
of waves also needs to be employed [e.g.
WAVEWATCH III, Tolman, 2009].

In addition, the asymptotic PM parameterisa-
tion underestimates the wave steepness,
and hence the wave-mixing effect. Also, at
very high (intense tropical cyclone) wind
speeds, we have performed some further
analysis that shows that the simple wave
parameterization used here overestimates
wave height. However, such events are rare
in this simulation, since the input atmospher-
ic fields have a horizontal resolution of 2.58,
which poorly resolves the extreme winds of
tropical cyclones. It is also likely, however,
that large transient midlatitude wind events
may have a disproportionate effect on the

Figure 13. Ocean average vertical profile differences (8C), wave-induced mixing minus without, for (a) global average for 1980; and (b)
Southern Ocean (50S-70S) for 1980; (c) the same as Figure 13a for 2007; (d) the same as Figure 13b for 2007. Vertical axis is in meters and
refers to the temperature levels in the model.

Figure 14. Comparison of global average ocean temperature profiles (8C) for
July 1980, wave-mixing included (solid line) versus no wave (dashed line).
Vertical axis is in meters and refers to the temperature levels in the model.
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wave-mixing amounts, although tests using WAVEWATCH III waves instead of PM waves have shown only
minor differences in simulated near-surface temperatures. The parameterization of turbulent shear produc-
tion (W) by unbroken waves used here also relies upon some empirical parameters. For instance, the b
parameter specified in the W equation above is based on observational analysis but could conceivably have
a lower value [Young et al., 2013]. On the other hand, while W is linear in the b parameter, it goes as the
cube of the wind speed, so it is much more sensitive to uncertainties in the specification of the wind speed
in this modeling system, which as already stated will underestimate very intense wind events.

It is also acknowledged that, despite considerable experimental evidence from measurements in nonocean
locations [e.g., Babanin et al., 2005; Babanin, 2006], it remains to be conclusively demonstrated that unbro-
ken, wave-induced turbulence is an important process that routinely occurs in the open ocean [see D’Asaro,
2014; Ghantous and Babanin, 2014b, for a critique]. Nevertheless, the results documented here show that if
this process does occur, it will have important regional climate effects in the world ocean.

5. Conclusion

The inclusion of a parameterization of unbroken wave-induced mixing into a high-resolution ocean climate
model causes a temperature difference of more than 18 near the surface in some regions of high wind
speed. This effect is particularly pronounced over the Southern Ocean. In this region, the simulation of
mixed-layer depth is also slightly improved in both July and December, compared with observations. As for-
mulated here, the parameterization of wave-induced mixing is easily incorporated into the k-epsilon mixing
scheme as an extra term in the turbulent shear production equation and could be easily included in other
models that use the same mixing scheme. This process is currently omitted from many climate model simu-
lations but may have important regional effects on the world ocean climate.
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