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Abstract: Climate models do not explicitly account for the smaller scale processes of ocean surface
waves. However, many large-scale phenomena are essentially coupled with the waves. In particular,
waves enhance mixing in the upper ocean and thereby accelerate the ocean response to atmospheric
changes. Here, we introduced a representation of wave-induced turbulent mixing into the one-way
coupled ACCESS-OM2-025 ocean model to study its effect on ocean heat content throughout the 21st
century under the RCP4.5 scenario. We made two projections on ocean heat uptake for the end of
the century: one which accounts for wave-induced mixing (the ‘modified’ projection) and the other
which does not (the ‘standard’ projection). Both projections showed upper ocean heat content to
increase by more than 2.2 × 1022 J. This projected ocean heat uptake was reduced by about 3% in
the modified projection. Whilst the inclusion of wave-induced mixing reduces projected ocean heat
uptake globally, some areas are expected to warm considerably faster, particularly the North Atlantic
sub-tropics, the Tasman Sea, the Sea of Japan, and parts of the South Atlantic.

Keywords: surface-gravity waves; wave-induced mixing; upper-ocean turbulence; ocean heat uptake;
climate change projection; ocean modelling

1. Introduction

Earth is experiencing a net warming at an unprecedented rate, predominantly due
to anthropogenic causes [1]. This is dominated by ocean warming, which accounts for
approximately 93% of the global energy change [2,3], with about 64% of this confined to
the upper 700 m [3]. Understanding upper-ocean mixing, and thereby the movement of
this heat energy, is crucial for accurate projections of not just ocean temperatures, but also
atmospheric temperatures as 2–3 m of ocean water have the same heat capacity as the entire
dry atmosphere [4,5].

Assuming the ocean has no internal (or benthic) heat sources or sinks, ocean heat
content can be used to identify heat uptake through the surface. Ocean heat content (OHC)
can be defined as

OHC = ρcp

˚
θdx dy dz (1)

where θ is potential temperature, ρ is ocean water density and cp is specific heat capacity, x
and y are horizontal, and z is vertical coordinates, respectively. Here, we assume density
and specific heat capacity constant (ρ = 1025 kg m−3 and cp = 4186 J kg−1 K−1, respectively).
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Recently, there was a pronounced increase in OHC in upper levels [3,6,7], with in-
creases also observed in sub-thermocline [8,9] and into abyssal depths [10,11]. This increase
in OHC had effects on almost all facets of global climate. One of the most important is
global sea level rise, to which increasing OHC and the associated thermosteric expansion
is a substantial contributor [2,12]. Sea level rise has widespread negative implications for
many aspects of human society, including loss of agriculture land, salinization of soil and
ground water, and damage to property and infrastructure [13]. Other important impacts of
an increase in OHC include ocean acidification, reduction in extent of polar summer sea
ice, and reduction in oceanic oxygen availability [14].

Surface waves play a key role in heat and other exchanges at the atmosphere–ocean
interface [15]. Among these, waves can modify vertical mixing processes through providing
additional turbulence in the upper layers of the ocean at the vertical scale of the wavelength
(the depth scale of wave orbital motion). There are a number of mechanisms for such wave-
turbulence production, the most general perhaps being the enhancement (instability) of
pre-existing turbulence due to the wave orbital motion [16] and Langmuir turbulence [17].
The former, known as the Benilov mechanism, relies on the wave orbital motion which
imparts energy into the turbulence by stretching vortex lines. The Langmuir turbulence
is the fully turbulent flow associated with Langmuir circulation. Both predict that the
intensity of wave turbulence increases depending on wave height, and in this study, we
used experimental parameterizations [18,19] based on observations of such turbulence.

Recent inclusion of parameterizations of wave-orbital-induced mixing (hereafter
“wave-induced mixing”) dramatically improved the accuracy of general circulation mod-
els [20–22] and demonstrated the ability of this mechanism to facilitate wave-turbulence
related phenomena in other large-scale models such as sediment suspension [23], hurri-
cane mixing through the thermocline [24], reduction in mixed layer depth biases [25,26],
increased accuracy in the simulation of the seasonal cycle of Antarctic sea ice coverage [27],
and increased accuracy in global sea surface temperature simulation [28].

Phase 6 of the Coupled Model Intercomparison Project (CMIP6) is the collection of
models and climate projections which currently inform our best prediction of how the
climate system may evolve throughout the 21st century [29]. Despite the important role
that waves play in the upper ocean, there are only two CMIP6 contributions (of a total of
more than 100) that include a wave model: FIO-ESM v2.0 and CESM2 [30,31]. Wave effects
are not ignored completely in the remaining CMIP6 contributions, but rather implicitly
accounted for in model tuning. Using these models for climate projections implicitly
assumes a stationarity of wave climate. Wave height is increasing globally [32]; this is
particularly true for extreme wave heights [33]. The wave climate is also projected to
continue to change throughout the 21st century [34,35]. It is, therefore, possible that waves
will contribute long term changes in atmospheric–ocean energy exchange. Is this something
we can afford to ignore in our climate projections for the 21st century? To investigate this,
we simulated two climate projections: one which accounted for wave-induced mixing and
one which did not. We limited our focus here to the upper 200 m of the ocean, the region in
which wave-induced mixing is most active.

2. Materials and Methods

The model used was ACCESS-OM2-025, a global coupled ocean-circulation and sea-ice
model, comprised of the ocean component MOM5.1 and the sea-ice component CICE5.
OASIS3-MCT passes information between the ocean and ice to form a coupled system.
ACCESS-OM2-025 used 0.25◦ lateral resolution at the equator. The grid was tripolar (poles
at 65◦ N, −100◦ E, 65◦ N, 80◦ E and the South Pole) using a Mercator projection between
65◦ N and 65◦ S (meridional grid spacing held constant south of 65◦ S), with 50 vertical
levels [36]. The ocean is initialized with a 3-dimensional temperature and salinity field of
January climatology at a resolution of 1◦ from the World Ocean Atlas (2009). The data were
based upon in situ observations and can be obtained from the U.S. National Oceanographic
Data Center at http://data.nodc.noaa.gov/woa/WOA09/ (accessed on 1 September 2018).

http://data.nodc.noaa.gov/woa/WOA09/
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The vertical mixing within ACCESS-OM2-025 was represented by the one-dimensional
General Ocean Turbulence Model (GOTM) [37], which also included the mixing contribu-
tion from surface waves using the parameterization of Ghantous and Babanin [38]. This
observation-based parameterization represented the way in which the orbital motion of
these waves can amplify pre-existing turbulence and was verified through its reduction
in mixed layer depth biases [25], increase in global sea surface temperature accuracy [28],
and increased accuracy in the seasonal cycle of Antarctic sea ice coverage [27]. The orbital
motion was included as an extra term in the shear production (P) equation of the k-ε
turbulence model setup within GOTM [39]. The parameterized form of shear production
in GOTM is

P = η
(

M2 + α N2
)
+ W (2)

where η is turbulent viscosity, M is shear frequency, α N2 is a parameterization of internal
wave breaking and W is the new wave-induced mixing term, where W is parameterized as

W = b k
(

ωp Hs

2
ekz

)3
(3)

where b is an empirical constant set to 0.0014 following Young et al. [40], k is wavenumber,
ωp is peak angular frequency and HS is significant wave height. Peak angular frequency
(hereafter ωp) refers to the spectral frequency of maximum wave power and is indicative of
wave power and propagation speed.

The atmospheric forcings used in this study were produced using the First Institute of
Oceanography—Earth System Model (FIO-ESM) of China, with a horizontal resolution of
2.875◦, and a temporal resolution of 6 h [41]. FIO-ESM was run from 2006 to 2100 under
emissions consistent with the RCP4.5 scenario. The atmospheric component used within
FIO-ESM was version 3.0 of the Community Atmosphere Model (CAM 3.0). CAM 3.0 is
the fifth generation of the global atmosphere model developed by the National Center for
Atmospheric Research [42].

The wave data used in this study were produced using WAVEWATCH III [43] (here-
after WW3) forced with winds from the FIO-ESM climate run. WW3 was run at a spatial
and temporal resolution of 1◦ and 6 h, respectively. For representation of sources and sinks
of wave energy in WW3, the source term package ST6 was used [44]. This source-term
package represents the physical processes of wind-wave interaction, whitecapping (dis-
sipation due to breaking) and wave-turbulence interaction (swell dissipation) and has its
roots in field and laboratory observations and experiments.

We examined whether the inclusion of wave-induced mixing would change the pro-
jections of future climate. Four simulations were run: present-day climate without wave-
induced mixing (M1A), present-day climate with wave-induced mixing (M1B), future
climate without wave-induced mixing (M2A), and future climate with wave-induced mix-
ing (M2B). The first years of each simulation were discarded to ensure adequate model
spin up (7 for the present-day climate simulations; 20 for the future climate simulations),
allowing upper-ocean temperatures and global average turbulent kinetic energy to stabilize.
Each simulation was then run for 20 years.

Note that this was only one-way coupling: atmosphere and waves directly influence
ocean and ice, but ocean and ice do not affect atmosphere or waves, meaning no feedback
between the ocean, atmosphere and surface waves.

3. Results

Table 1 shows the climatological mean of each of these four simulations, whilst Table 2
identifies the changes in OHC due to wave-induced mixing, i.e., the wave-induced heat.
For the present-day climate period, we observed that inclusion of wave-induced mixing
increased OHC by 5.58 × 1022 J, corresponding to an increase of about 0.1% of the total
OHC. This increased OHC in the upper ocean was consistent with the results of Stoney
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et al. and Chen et al. [26,28], the latter of which used a two-way coupled ocean model,
showing that this phenomenon is not unique to the one-way coupled ocean models.

Table 1. A description of the four simulations. Ocean Heat Content (OHC) is the mean heat content
within the upper 200 m of the ocean.

Simulation Years Description OHC (J)

M1A 2014–2034 Present-day climate without wave-induced mixing 6.67467 × 1025

M1B 2014–2034 Present-day climate with wave-induced mixing 6.68025 × 1025

M2A 2080–2100 Future climate without wave-induced mixing 6.67694 × 1025

M2B 2080–2100 Future climate with wave-induced mixing 6.68246 × 1025

Table 2. Changes in Ocean Heat Content (OHC) due to wave-induced mixing for the present-day
and future climates. OHC is the mean heat content within the upper 200 m of the ocean.

Comparison Description ∆OHC

(M1B − M1A) Wave-induced heat
(present-day climate; total) 5.58 × 1022 J

(M1B − M1A)/M1A Wave-induced heat
(present-day climate; relative) 0.0836%

(M2B − M2A) Wave-induced heat
(future climate; total) 5.52 × 1022 J

(M2B − M2A)/M2A Wave-induced heat
(future climate; relative) 0.0827%

We find the ocean to be similarly sensitive to wave-induced mixing in the future
climate period, with an OHC increase of 5.52 × 1022 J. Comparing Tables 1 and 2, we
observed that the change in OHC due to changes in future climate (e.g., M2A minus M1A)
is about 2.3 × 1022 J, while the change in OHC due to the introduction of wave-induced
mixing was about three times as large (e.g., M1B minus M1A). This implied that it might be
unwise to ignore wave-induced mixing as a component of the OHC energy balance.

Figure 1 shows the distribution of this additional heat, as well as the mixed layer
depth for the winter and summer seasons for the control and the simulation with wave-
induced mixing. Wave-induced mixing deepens the mixed layer in almost all areas (cf.
purple and black lines in Figure 1). This was most prominent in the summer hemisphere
mid-latitudes 40◦–60◦ (the area where waves are largest and mixing is not dominated by
winter hemisphere convective processes). The position of the additional wave-induced
heat appeared to be dictated by the depth of the new summer mixed layer (purple dashed
line in the SH; purple solid line in the NH), with almost all additional heat sitting below
its base. It is worth reiterating here that the wave-induced mixing was active to depths
of order 100 m. Whilst the wave-inducing mixing did not necessarily deepen the mixed
layer to these depths, it could certainly have enhanced heat fluxes here. This lead to the
considerable additional heat accumulation that we observed for the 25–100 m depth range,
most pronounced in the latitudes 40◦ S–20◦ S. Neglecting to account for wave-induced
mixing results in a substantially different ocean. This then begged the question: how does
including wave-induced mixing modify projections of future climate?
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Figure 1. Wave-induced Ocean Heat Content (OHC) for present-day climate, shown by the difference
between the control simulation and the wave-induced mixing simulation (wave-induced mixing
minus control). Red indicates a wave-induced increase in OHC; blue indicates a decrease. Lines show
the depth of the seasonal mixed layer: black lines are used for the control, purple lines are used for
the wave-induced mixing simulation, dashed lines are used for the DJF months and solid lines are
used for the JJA months. OHC is accumulated over all longitudes globally and mixed layer depth is a
zonal average.

In Table 3, we determined the climate change signal with wave-induced mixing
(M2B − M1B; hereafter the ‘modified’ projection) and that without wave-induced mixing
(M2A − M1A; hereafter the ‘standard’ projection). In both cases, there was projected
increase in OHC of ~2.2 × 1022 J or ~0.03% by the end of the 21st century. The magnitude
of this climate change signal was approximately one third the size of the wave-induced
mixing signal (2.2 × 1022 J c.f. the 5.5 × 1022 J from Table 2). The difference between these
two projections in ocean heat uptake was −6.00 × 1020 J (the modified projection minus
the standard projection). This was approximately 3% of the climate change signal, meaning
that we observed 3% less ocean heat uptake in the modified projection. This heat may
then remain in the atmosphere and could have implications for atmospheric temperatures.
The amount of energy required to raise the temperature of the atmosphere by 1 ◦C is
5.95 × 1021 J, meaning that this additional heat in the atmosphere would lead to an
additional ~0.1 ◦C atmospheric warming relative to current projections.

Figure 2a,b shows the geographical distribution of the OHC changes in the standard
and modified projections. Both showed a warming throughout most of the global ocean,
largest in the Southern Hemisphere mid-latitudes, especially within the Indian Ocean. Both
projections also showed cooling about the equator, which was most pronounced in the
Atlantic. The difference between these two projections is shown in Figure 2c. This was
the effect of wave-induced mixing. The signal was somewhat mixed, with some regions
showing a reduction in OHC uptake for the modified projection, and others showing an
increase. The increases appeared more concentrated and of higher magnitude than the
reductions. Areas of particular note here were the North Atlantic sub-tropics, the South
Atlantic around the tip of South Africa, the Tasman Sea, and the Sea of Japan.
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Table 3. Projections of changes in Ocean Heat Content (OHC) for the future climate period. OHC is
the mean heat content within the upper 200 m of the ocean.

Comparison Description ∆OHC

(M2A − M1A) The ‘standard’ projection:
expected OHC increase by the end of the 21st century under RCP4.5 2.27 × 1022 J

(M2B − M1B)
The ‘modified’ projection:

expected OHC increase by the end of the 21st century under
RCP4.5 if wave-induced mixing is accounted for

2.21 × 1022 J

(M2B − M1B) − (M2A − M1A)
Difference between the standard and modified projections of ocean

heat uptake by the end of the 21st century, i.e., the effect of
wave-induced mixing (total)

−6.00 × 1020 J

((M2B − M1B) − (M2A −
M1A))/(M2A − M1A)

Difference between the standard and modified projections of ocean
heat uptake by the end of the 21st century, i.e., the effect of

wave-induced mixing (relative)
−2.64%
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Figure 2. (a) Projected change in climatological mean Ocean Heat Content (OHC) for the simulation
without wave-induced mixing (M2A − M1A; Standard). OHC is accumulated over the upper
200 m. (b) Projected change in climatological mean OHC for the simulation with wave induced
mixing (M2B − M1B; Modified). OHC is accumulated over the upper 200 m. (c) The difference
between the projected changes in climatological mean OHC for the simulations with and without
wave induced mixing (Modified minus Standard). OHC is accumulated over the upper 200 m.
(d) Projected change in climatological mean OHC for the simulation without wave-induced mixing
(M2A − M1A; Standard). OHC is accumulated over all longitudes globally. (e) Projected change in
climatological mean OHC for the simulation with wave induced mixing (M2B − M1B; Modified).
OHC is accumulated over all longitudes globally. (f) The difference between the projected changes
in climatological mean OHC for the simulations with and without wave induced mixing (Modified
minus Standard). OHC is accumulated over all longitudes globally.

Figure 2d,e show how these projected changes were distributed vertically. Both the
standard and modified projections showed a warming throughout the upper 100 m of
most of the global ocean, most prominently in the mid-latitudes and tropics. This warming
extended throughout the full 200 m in the Southern Hemisphere high latitudes. Underlying
this surface warming, we observed strong cooling in the tropics and sub-tropics. This
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indicates that the Atlantic cooling seen in Figure 2a,b was confined to the 100–200 m depth
range. Figure 2f shows the difference between these two projections (i.e., the effect of the
wave-induced mixing). The warm spike between the depths of 100 to 200 m at approxi-
mately 20◦ N was associated with the feature previously noted in the North Atlantic in
Figure 2c. We observed additional wave-induced heat throughout the column at approxi-
mately 40◦ S. This corresponded with the South Atlantic wave-induced warming seen in
Figure 2c. We also noted that the wave-induced mixing lead almost exclusively to a cooling
(albeit relatively weak) across the top 25 m of the ocean in the modified projection.

As in Figure 2c, Figure 3 shows the difference in OHC between the standard and
modified projections but normalized as a percentage of present day OHC. The OHC
changed due to wave-induced mixing being small in the tropics and large in the mid-
latitudes. This was consistent with the global wave climatology: waves are small in the
tropics and large in the mid-latitudes. In the South and North Atlantic mid-latitudes, there
were widespread regions of OHC increases more than 0.2%. The effect of wave-induced
mixing was even more prominent in the waters to the north and south of New Zealand with
increases between 0.4% and 0.6%. There were increases of similar magnitude within the
confined region of the Sea of Japan. There were fewer regions with large OHC decreases.
The mid-latitude South Pacific was the most prominent with some decreases of 0.1%
to 0.2%.
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Figure 3. Difference between the climatological mean projected changes in Ocean Heat Content
(OHC) for simulations without wave-induced mixing (Standard) and with wave induced mixing
(Modified). Red indicates a wave-induced increase in projected ocean heat uptake; blue indicates a
decrease. This difference is normalized by present day OHC (M1A). OHC is accumulated over the
upper 200 m.

4. Conclusions and Discussion

Wave-induced mixing was introduced into the one-way coupled ACCESS-OM2-025
ocean model to study its effect on larger-scale ocean-atmosphere processes. First, we noted
that wave-induced mixing substantially changed the mean-state of the upper ocean: the
mixed layer deepened and a substantial amount of heat was brought down into its interior,
most notably between the depths of 25–100 m and the latitudes 40◦ S–20◦ S. Upper Ocean
Heat Content (OHC) increases by approximately 5.6 × 1022 J, or ~0.1%. This was three
times the size of the expected climate change signal by the end of the 21st century under
the RCP4.5 scenario.

To integrate wave-induced mixing into projections of 21st century ocean heat uptake,
we considered two projections: the standard projection, which did not account for wave-
induced mixing, and the modified projection, which did. Both projections showed an
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increase in OHC by the end of the 21st century of more than 2.2 × 1022 J. The modified
projection, however, showed about 3% less ocean heat uptake than the standard. If this
heat was to remain in the atmosphere, it would equate to an additional ~0.1 ◦C warming
relative to current projections of atmospheric temperatures for the end of the 21st century.
Although wave-induced mixing results in reduced global ocean heat uptake, there were
regions in which OHC substantially increased, particularly the North Atlantic sub-tropics,
the South Atlantic around the tip of South Africa, the Tasman Sea, and the Sea of Japan.
Neglecting to account for wave-induced mixing may underestimate regionally stronger
oceanic warming by the end of the century.

This was a sensitivity study using a one-way coupled ocean-atmosphere model,
thereby neglecting feedbacks between ocean and atmosphere. The magnitude of the
wave-induced mixing effect would be more accurately assessed by a two-way coupled
ocean-atmosphere model.

With the two exceptions of FIO-ESM v2.0 and CESM2 [30,31], waves are routinely
neglected in the more than 100 contributions to CMIP6. The CMIP project encompasses the
state-of-the-art in 21st century climate projections. Such climate projections can only be
relied upon if we are faithful to the underlying physics. This means explicit representations
of waves and wave effects. Without this, we in the climate modelling community are
assuming that waves and their effects will not change throughout this period. The wave
climate is changing already [32,33], and is projected to continue to do so throughout the
21st century [34,35]. In this study, we showed that wave-induced mixing is a non-negligible
part of the global heat and energy balance at these time scales.

This is the first study to investigate the importance of waves on 21st century climate
projections. We limited our study here to wave-induced mixing. This is just one of the
seven dominant ways in which waves play an important role in the climate system outlined
in Cavaleri et al. [15]. These are listed here for completeness: (1) affecting momentum
budget aloft, (2) wave-induced currents, (3) wave-induced mixing, (4) heat fluxes, (5) mass
flux, (6) albedo, and (7) sea ice.

It is likely that the other six wave effects will have comparable impacts on 21st century
climate projections to that shown here for wave-induced mixing. We, therefore, stress
the importance of the inclusion of waves in 21st century climate projections and strongly
encourage all contributors to the next phase of the CMIP project (CMIP7) to include a wave
model and coupled wave effects.
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