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Abstract As the first mature global ocean general circulation model based on unstructured‐mesh
methods, the multiresolution Finite Element Sea ice‐Ocean Model (FESOM) has shown great
capability in reconstructing the ocean and sea ice in both standalone and coupled simulations at a
relatively low computational cost. Parameterizations of some important processes, including the vertical
mixing induced by surface waves, however, are still missing, contributing to temperature biases in the
upper ocean. In this work we incorporate the vertical mixing induced by nonbreaking surface waves
derived from a wave model into FESOM and compare its effect with that of shortwave penetration,
another key process to vertically redistribute the heat in the upper ocean. Numerical experiments with
and without the shortwave penetration scheme and the nonbreaking surface wave mixing reveal that
both processes ameliorate the simulation of upper‐ocean temperature in middle and low latitudes mainly
on the summer hemisphere. The role of nonbreaking surface waves is more pronounced in decreasing
the mean cold biases at 50 m (by 1.0 °C, in comparison to 0.5 °C achieved by applying shortwave
penetration). We conclude that the incorporation of mixing induced by nonbreaking surface waves into
FESOM is practically very helpful and suggest that it needs to be considered in other ocean climate
models as well.

Plain Language Summary Nowadays, numerical ocean, weather, and climate forecasts play an
important role in the daily life of human beings. An accurate prediction could help us prepare day‐to‐day
activities orderly. However, the prediction ability has been much lower than expected. As an example, ocean
models often simulate a warmer sea surface temperature and cooler subsurface (30–100 m deep)
temperature in subtropical oceans, especially in summer, which can lead to big errors in the weather and
climate forecasting. This situation was partly alleviated by distributing solar radiation in the upper ocean
rather than only heating up the ocean surface. Although shortwave penetration makes some improvement
on oceanmodel performance, it is still far from solving the common simulated temperature bias in the upper
ocean. The simulated temperature is considerably improved by incorporating the mixing induced by
nonbreaking surface waves into the new generation ocean model FESOM. It turns out that the nonbreaking
wave is more capable in ameliorating the simulated upper‐ocean temperature than the
shortwave penetration.

1. Introduction

Numerical models have been widely utilized to reconstruct the climate of the past, to simulate the climate of
the present day, and to project the climate in the near future. Regular structured‐meshmodels, characterized
by their easy grid generations and their convenient approach for the discretization of the governing equa-
tion, are the first type of models that were developed for climate research. Since the 1950s, when a highly
simplified numerical model was first introduced for weather forecasting (Charney et al., 1950), this kind
of models are standardly used with different spatial scales (from global to mesoscale) and with different cli-
mate backgrounds (from paleo, modern, to future scenarios).
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There are many small geometrical features in the ocean which affect the large‐scale ocean general circula-
tion and even the global climate, such as the narrow straits for the Indonesian Throughflow, the small ocean
cavities under ice shelves around the Antarctic, and the steep continental slopes along which important
ocean currents flow. Also, there are several key regions with critical ocean processes that can impact the
large‐scale ocean circulation, such as the regions of the western boundary currents and the regions of deep
water formation. To adequately resolve these features and key regions, mesh resolutions are required to be
much higher than that are currently affordable in long‐term simulations of global climate models. This pro-
moted the development of unstructured‐mesh ocean models in the past decades (e.g., Blaise et al., 2010;
C. Chen et al., 2003; Danilov et al., 2004; Ford et al., 2004; Q. Wang et al., 2008; White et al., 2008). The
Finite Element Sea ice‐Ocean Model (FESOM), unlike most of the unstructured‐mesh ocean models that
are intended for coastal and regional applications, is the first mature global unstructured‐mesh ocean model
that was developed mainly for the purpose of climate research (Danilov et al., 2004; Sidorenko et al., 2011;
Timmermann et al., 2012; Q. Wang et al., 2008). It has been assessed for various applications (e.g., Scholz
et al., 2013; Q. Wang et al., 2012, 2018) and used as the ocean sea‐ice component of the coupled AWI climate
model (Rackow et al., 2016; Sidorenko et al., 2015).

With unstructured meshes, horizontal model resolution can be varied conveniently, thus allowing for seam-
less multiresolution simulations. Global ocean simulations on unstructured meshes with local refinement in
regions of small geometrical features have been successfully applied in different studies (e.g., Timmermann
et al., 2012; Wekerle et al., 2013). Compared to the traditional two‐way nesting techniques used by
structured‐mesh models, the unstructured meshes of FESOM show great convenience. Local mesh refine-
ment can be realized easily, even in many different regions simultaneously, and the required work is mainly
to designmeshes with refinement in physically meaningful regions. For example, we can use high resolution
in a chosen ocean basin in an otherwise coarse global ocean (Q. Wang et al., 2016; Wekerle, Wang, Danilov,
et al., 2017; Wekerle, Wang, von Appen, et al., 2017) or vary the resolution continuously in a global model
according to the strength of local eddy variability (Biastoch et al., 2018; Sein et al., 2016) or local Rossby
radius (Sein et al., 2017).

Despite the success of ocean models in climate research during the past decades, the development of differ-
ent numerical and physical aspects of oceanmodels is an ongoing process (Griffies et al., 2009). Different ver-
tical mixing schemes have been proposed for ocean models, including the Pacanowski and Philander (1981)
scheme (PP), the Mellor‐Yamada scheme (Mellor & Yamada, 1982), and the K‐profile parameterization
(KPP; Large et al., 1994), which are widely used in ocean models. A common problem in ocean models using
these schemes is the underestimation of the downward heat transport in the upper ocean, especially in sum-
mer (Martin, 1985; Mellor, 2001), even after high‐frequency winds are incorporated (Ezer, 2000). Artificially
exaggerating the vertical mixing coefficients regardless of the real physical processes may result in unrealis-
tic simulation results, that is, improving regional simulations while deteriorating other parts of the global
ocean (C. Wang et al., 2014).

In the real ocean, shortwave penetration (SWP) is one of the processes facilitating vertical heat distribution.
Influenced by the concentrations of local particulate and dissolved organic matter, such as phytoplankton
pigments (Siegel et al., 1995), the ultraviolet and visible portion of the solar radiation can penetrate to a sig-
nificant degree below the upper mixed layer (Lewis et al., 1990), reaching depths that vary from less than
10 m to more than 100 m (Griffies et al., 2004). Given the important role that SWP plays in redistributing
solar heating and decreasing the warm sea surface temperature (SST) bias, it has become a standard
implementation in most of the ocean and climate models. The dependence of SWP on the concentration
of chlorophyll has been implemented in FESOM (Q. Wang et al., 2014) as suggested by Sweeney et al.
(2005), with the optical model of Morel and Antoine (1994).

Another process that enables vertical mixing of heat are nonbreaking surface waves (NBW). Unlike the
breaking wave, of which the concomitant turbulent mixing is constrained in the upper few meters
(Kantha & Clayson, 2004), the vertical mixing generated by NBW can reach beyond 100‐m depth, penetrat-
ing through the thermocline into the subthermocline ocean (Babanin & Haus, 2009; D. Dai et al., 2010; Qiao
et al., 2004). In order to account for themixing induced by NBW in Ocean General CirculationModels, NBW
is analytically expressed as the function of wave number spectrum which can be calculated using the output
of surface wave numerical models, such as the MASNUM wave model (the MArine Science and NUmerical
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Modeling surface wave model; Qiao et al., 2004). The MASNUM wave
model solves the wave energy spectrum balance equation and its charac-
teristic equations in spherical coordinates and then provides Bv, the wave
mixing coefficients which can be added to the turbulent mixing coeffi-
cients created by standard closure schemes such as Mellor‐Yamada,
Pacanowski and Philander, and KPP (see also Qiao et al., 2004; supporting
information Text S1). NBW can dramatically improve the performance of
ocean circulation models for global ocean (Qiao et al., 2010; Shu et al.,
2011; Y. Wang et al., 2010), coastal ocean (Lin et al., 2006), and even in
lake simulations. Moreover, to simulate the upper ocean, models exclud-

ing traditional turbulence closure schemes could work quite well while only NBW is implemented (Qiao
& Huang, 2012). Numerical experiments have shown that the mixing induced by NBW can decrease simu-
lated tropical SST bias (Z. Song et al., 2012b), improve the representation of mixed layer depth (Fan &
Griffies, 2014), and lead to more realistic prediction of South Asian summer monsoon system (Y. Song
et al., 2012a) in climate models.

This paper presents the improvement of the upper‐ocean temperature in FESOM simulations by adding the
vertical mixing induced by NBWwhich is simulated by theMASNUMwavemodel. The impact of themixing
scheme will be described, which can serve as a reference for future applications. In addition, the effect of
NBW is compared to the effect of SWP. The paper is organized as the following. The experimental setup is
presented in section 2. The simulation results with and without SWP/NBW are presented in section 3,
followed by discussions (section 4) and conclusions (section 5).

2. Experimental Setup

In this study we use FESOM1.4 described by Q. Wang et al. (2014) which is run in a global mesh with a nom-
inal resolution of about 1° in most parts of the ocean, a refinement to about 24‐km north of 50°N, and 1/3° in
the equatorial band, as well as moderate refinement (1/3° to 1/2°) along the coasts. In the vertical, 47 z‐levels
are used with a resolution of 10 m in the top 100 m and gradually increased downward. This grid has been
used in the previous Coordinated Ocean‐ice Reference Experiments phase 2 (CORE II) model intercompar-
ison project (e.g., Q. Wang et al., 2016). We apply the Redi (1982) diffusion and the Gent‐McWilliams para-
meterization (Gent & Mcwilliams, 1990) in the tracer equations. For vertical mixing, the KPP (Large et al.,
1994) is employed.

The model is forced from the surface with the data from CORE II (Large & Yeager, 2009), which includes
surface air temperature, specific humidity, surface wind speed, radiation flux, and precipitation. The surface
forcing for the river runoff is taken from the interannual monthly data set provided by A. Dai et al. (2009).
The ocean is initialized with temperature and salinity fields from the Polar Science Center Hydrographic
Climatology v.3 (Steele et al., 2001), and sea ice is initialized with climatological fields obtained from a pre-
vious simulation. Four cycles of integration from 1948 to 2009 are carried out sequentially for each numer-
ical experiment. The period 1955–2004 of the last simulation cycle is used in the following analysis.

We carried out four experiments with details of the setups explained in Table 1. The only difference among
the simulations is whether SWP or/and NBW are considered. The horizontal resolution of the MASNUM
wave model is 0.5° by 0.5° and is forced by QuikSCAT 10‐m wind (https://climatedataguide.ucar.edu/cli-
mate‐data/quikscat‐near‐sea‐surface‐wind‐speed‐and‐direction) in the period from 1999 to 2009 to get cli-
matologically monthly mean wave‐mixing coefficients offline. Then the coefficients are interpolated to the
FESOM grid points and added to the mixing coefficients of the KPP scheme in simulations in which the
effect of NBW is incorporated. In this study we focus on the wave effects between 80°S and 65°N; therefore,
only the mixing coefficients in this latitudinal range are added.

3. Results

We first investigate the model results in February to explore the impact of SWP and NBW in austral summer.
Figure 1 presents the modeled temperature anomalies at 50‐m depth for the Ectrl experiment with respect to
theWorld Ocean Atlas 2013 version 2 (WOA13 V2; Locarnini et al., 2013; Figure 1a), as well as for the experi-
ments Enbw, Eswp, and Es&n with respect to Ectrl (Figures 1b–1d). Compared to the WOA13 V2, the Ectrl

Table 1
Experiment Setups of Four Finite Element Sea Ice‐Ocean Model Simulations

Experiment ID Shortwave penetration Nonbreaking surface wave

Ectrl No No
Enbw No Yes
Eswp Yes No
Es&n Yes Yes

Note. Ectrl is the control run, where neither shortwave penetration nor
nonbreaking surface wave is implemented.
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experiment shows positive temperature biases in a few small regions (mainly in some regions of the
Southern Ocean and along the western boundary currents), whereas negative temperature biases
dominate in large parts of the world ocean, mostly pronounced in the subtropical region of the Southern
Hemisphere (SH) (Figure 1a). Both SWP and NBW tend to warm the ocean at the subsurface where Ectrl
shows cold biases (Figures 1b and 1c). The Enbw and the Eswp runs reveal positive temperature
anomalies with respect to the control run in a zonal band around 25°S as well as in the eastern tropical
Pacific and Atlantic. The warming anomalies in Enbw with a maximum of ~2.0 °C are almost twice as
strong as the warming anomalies of the Eswp run. In addition, warming anomalies in Enbw (Figure 1b)
in the Southern Ocean which barely exist in Eswp (Figure 1c) also help to reduce the bias toward the
WOA13 V2. Given the large difference in the effects of SWP and NBW, the Es&n simulation largely
resembles Enbw (Figures 1b and 1d).

The warming effects of SWP and NBW can reach as deep as 100 m (Figure 2). The cold bias in the subtropics
on the SH in the control run is smaller at 100‐m depth than at 50‐m depth. Accordingly, the warming effect
of SWP and NBW in this region becomes smaller with depth. On the Northern Hemisphere, SWP and NBW
also reduce the cold biases in the midlatitudes. There are two main findings based on the comparison of
different simulations and the observations. It is interesting to see that the locations of pronounced
SWP‐induced and NBW‐induced warming overlap with some of the regions of large cold biases, in particular
in the southern subtropics and the eastern tropical Pacific and Atlantic (Figures 1 and 2), effectively reducing
the subsurface cold biases (Figures S1 and S2). It is also obvious that NBW has a stronger impact in reducing
the cold biases than SWP.

At the surface, the control simulation has large SST biases in a few regions, including the cold biases in
the subpolar North Atlantic and the warm biases in the Gulf Stream and Kuroshio regions and along the
Antarctic Circumpolar Current (Figure 3a). Previous studies suggested that these biases are associated
with poorly resolved mesoscale eddies in coarse‐resolution models (e.g., Sein et al., 2016). Indeed, because
the source of these biases is not related to the mixing effect of SWP and NBW, applying them does not
produce temperature anomaly that can help to reduce these biases (Figures 3b and 3c). As a result of ver-
tical redistribution of heat, SWP and NBW induce negative temperature anomalies at the surface around
30°S on the SH (Figure 3), where they produce positive temperature anomalies at the subsurface
(Figures 1 and 2).

Figure 1. Temperature difference (°C) at 50‐m depth in February. (a) Ectrl minus World Ocean Atlas 2013 version 2 climatology, (b) Enbw minus Ectrl, (c) Eswp
minus Ectrl, and (d) Es&n minus Ectrl.
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We also need to point out that there are some small regions in the SH where NBW deteriorates the mod-
eled SSTs compared to the WOA13 V2 (Figure S3). Also, for the subsurface, while including NBW
improves most of the midlatitude oceans in the summer hemisphere, it slightly deteriorates the small
regions in the southeast tropics. It leads to a too warm subsurface (Figures S1a and S1b) and a too cold
surface (Figures S3a and S3b) there. These regions correspond to places of strong costal upwelling and
tropical currents, which can impact the upper‐ocean temperature as well. We speculate that the model
biases related to ocean circulations in these regions are exacerbated after including the NBW mixing.

Figure 2. Same as Figure 1 but for the depth of 100 m.

Figure 3. Same as Figure 1 but for the ocean surface.
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The interaction between mixing and ocean transport processes in these regions needs to be examined in
dedicated process studies in future work.

Actually, the strong effect of NBW in the eastern tropical Pacific is unexpected. Within the “Doldrums”
where winds are calm or even disappear, the wave‐induced mixing should have been negligible, but on
the contrary, NBW decreases negative subsurface temperature biases and positive SST biases in this region
by up to 2 °C (Figures 1b, 2b, and 3b). We will come back to this in section 4.

Overall, the effects of SWP and NBW significantly improve the simulation, which is better illustrated by the
temperature zonal section along 30 °S for February (Figures 4 and S4). Compared to the WOA13 V2 clima-
tology, the control run simulates a warmer surface layer (upper 20 to 30 m, ~1.0 °C) and a much colder sub-
surface layer (from about 30 m down to 200 m, up to 3.0 °C) in all the subtropical ocean basins (Figure 4a).
Both SWP and NBW are able to largely reduce the horizontal (Figure 1 and 2) and vertical biases (Figures 4b
and 4c) of the control run. The warm biases near the surface and the cold biases centering around 50 m are
decreased in Enbw and Eswp, with the role of NBW being more significant. By including both schemes, the
modeled temperature biases are significantly reduced (Figure S4d). Therefore, despite the small deteriora-
tion of modeled SSTs because of NBW in the subtropics on the SH (Figure 3b), the overall temperature biases
are considerably reduced.

The model results of February presented above show that SWP and NBW significantly improve the tempera-
ture representation on the SH. In August, they improve the model results on the Northern Hemisphere
(Figures S5–S10) in the same way. That is, they are more important on the summer hemisphere. The seaso-
nal evolution of the amendment of SWP and NBW to the upper‐ocean temperature in the subtropical band is
shown by the diagram of zonally averaged temperature biases at 30°S in Figure 5. When these two processes
are not included in themodel, cold biases exist in the subsurface ocean all year long (Figure 5a): They occupy
the whole water column in winter, deepen from spring to fall, and peak in summer. The effects of SWP and
NBW in reducing the biases evolve accordingly with time (Figures 5b–5d), following both the strength and
location of the biases in the control run (Figure 5a). Consequently, the model simulations are significantly
improved when both processes are considered (Figure S11).

4. Discussions

The prominent role of SWP and NBW on the summer hemisphere is related to the seasonal change of water
column stratification. In summer, heated surface water of relatively low density generates stable stratifica-
tion and increases the degree of decoupling between surface and subsurface (Capotondi et al., 2012).
Including the extra mixing induced by NBW and the redistribution of solar radiation by SWP can weaken

Figure 4. Temperature difference along 30° S (longitude vs. depth) in February. (a) Ectrl minus World Ocean Atlas 2013 version 2 climatology, (b) Enbw minus
Ectrl, (c) Eswp minus Ectrl, and (d) Es&n minus Ectrl.
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this stratification and produce more reasonable temperature spread in the vertical. In winter, cooling of the
surface water reduces the stability, and the vertical mixing provided by the KPP scheme can lead to
reasonable subsurface temperature. In this case the effect of SWP and wave mixing becomes secondary,
being masked by the vertical mixing induced by strong surface cooling. To qualitatively manifest the
cooling effects at surface and the warming effects at subsurface of SWP and NBW on the summer
hemisphere, temperature deviations from the WOA13 V2 within the latitudinal band of 60–10°S in
February are shown in Figure 6. Overall, temperatures are more biased at subsurface than at surface,
given that in the ocean standalone model, ocean surface is directly forced by realistic atmospheric data (in
our case, CORE II forcing). Minor positive SST biases (<0.5 °C, inset of Figure 6a) exist in the Ectrl run,
which could be slightly but correctly decreased after SWP and NBW are incorporated. Compared with the
small positive SST biases, notable negative biases occupy the subsurface layer in Ectrl, with the mean
deviations being −1.2 °C at 50 m and −0.5 °C at 100 m. For the two temperature‐correction processes,
SWP warms the subsurface up and decreases the cold biases to −0.6 °C at 50 m, while NBW decreases the
biases to −0.1 °C. We need to notice that the combination of both processes may be so strong at some
points that changes the temperature bias from negative to positive (inset of Figure 6b). This can be
overcome by multiplying a constant factor with the Bv parameter as suggested by Shu et al. (2011), to
weaken the too strong wave‐induced mixing. A finer tuning of the NBW scheme by exploring such a
factor will be done in our future work. It is important for us that the upper‐ocean temperature biases
were significantly reduced by applying the current NBW and SWP schemes.

Although the roles of SWP and NBW in improving the temperature simulation on the summer hemisphere
are similar, the ways they achieve the improvement are different. SWP serves as a flux term in the energy
equation. Most of the temperature improvements are where insolation is strong (i.e., summertime) and
the concentration of chlorophyll is low (Figure 7). In these regions, only after the penetration process of
shortwave radiation is considered can the excessive solar radiation be redistributed in the vertical. In regions
of high upwelling rate (e.g., eastern coasts of the Pacific), the abundant chlorophyll absorbs almost all the
solar radiation in the superficial layer, making the role of SWP negligible in these coastal areas compared
to NBW (Figures 1–4).

On the other hand, the modification of NBW on temperature depends not only on the mixing coefficient Bv
which is a function of wave frequency and wave number (Qiao et al., 2004) but also on the vertical tempera-

ture gradient, as the vertical diffusion flux is F ¼ −Bv
∂T
∂z. This can explain why NBW exerts a great impact on

water temperature in the eastern tropical Pacific basins. Figure 8 shows the horizontal distribution of Bv,
vertical temperature gradients, and the resulting temperature changes in the top layer of FESOM. As
expected, mixing coefficients are much smaller in this Doldrum region (Figure 8a) than in the regions of

Figure 5. Seasonal evolution of zonal mean temperature difference along 30° S (month vs. depth, in °C). (a) Ectrl minus World Ocean Atlas 2013 version 2 clima-
tology, (b) Enbw minus Ectrl, (c) Eswp minus Ectrl, and (d) Es&n minus Ectrl.
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strong westerlies. However, the shallow mixed layer and the stable stratification form a large vertical
temperature gradient in the top layer (Figure 8b), resulting in remarkable temperature changes (Figure 8c).

It is noteworthy that the inclusion of SWP and NBW does not decrease the simulated temperature biases in
the northwest corner of the North Atlantic and along the western boundary currents (including the
Kuroshio and Gulf Stream; Figures 1–3 and S1–S10). It has been shown that using eddy‐resolving resolution

Figure 7. Monthly chlorophyll concentration climatology (1997–2010) in February. The data are found online (https://
oceancolor.gsfc.nasa.gov/).

Figure 6. Relative frequency plots of model temperature deviations from the World Ocean Atlas 2013 version 2 in 0.25 °C
bins. (a) SST, (b) 50‐m depth, and (c) 100‐m depth. Considered are temperatures within the band of 60–10° S in February.
(inset) Mean temperature deviations from the World Ocean Atlas 2013 version 2.
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can significantly improve the representation of the ocean dynamics and the air‐sea interaction processes in
these regions, thus reducing the temperature biases (e.g., Kwon et al., 2010; Ma et al., 2016; Sein et al., 2016).
The positive temperature biases in the Southern Ocean around the Antarctica at subsurface waters are not
much meliorated by including the NBW‐induced mixing (Figures 1–3). These biases are common in ocean
climate models of coarse resolution and suggested to be possibly associated with insufficient effect of eddy
parameterization (Sallée et al., 2013). Adjustment of the eddy skew diffusivity or using high resolution to
explicitly resolve mesoscale eddies is required to reduce these biases in ocean climate models.

Figure 8. Horizontal spreads of (a) nonbreaking wave‐inducedmixing coefficients, (b) vertical temperature gradients, and
(c) wave‐induced temperature changes of the top layer.
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Eddy‐induced advection can create restratification (Chanut et al., 2008) and diminish the mixed layer depth
in the water column. This process may counteract the de‐stratification of the vertical mixing due for example
to wind‐induced wavemixing. Therefore, the performance of temperature simulation in the upper ocean can
be impacted by the representation of eddies in the surface boundary layer. For parameterizing near‐surface
eddy fluxes, in this work we used the scheme described in Danabasoglu et al. (2008) which is a simplified
version of the scheme introduced by Ferrari et al. (2008). As was pointed out by Canuto and Dubovikov
(2011), however, in this scheme the eddy‐induced advection fails to entail restratification in the mixed layer.
Actually, improving eddy parameterizations especially for the boundary layers is still an ongoing active
research field (Canuto et al., 2018; Ferrari et al., 2010; Gent, 2011). So, if we apply other more appropriate
schemes for representing near surface eddy fluxes, the NBW mixing parameterization, presumably, should
be adjusted to maintain the good performance in the upper‐ocean temperature.

We inspected a FESOM mesoscale‐eddy resolving simulation described by Sein et al. (2017). In their
model setup, they used a model grid with variable resolution set to half of the local first baroclinic
Rossby radius, and the Gent‐McWilliams parameterization was switched off for the whole ocean.
Resolved eddies show the capability to reduce temperature biases in the northwest corner of the North
Atlantic and along the western boundary currents. However, the temperature biases at 50‐m depth on
the summer hemisphere remain nearly the same as in our coarse‐resolution simulation (see Figure
S12). This indicates that in these regions the upper‐ocean temperature biases, independent on parameter-
izing or resolving mesoscales in the model, require the NBW‐induced mixing (and SWP) to be alleviated.
Possibly this could be due to the fact that the NBW mixing parameterization is the more influential factor
determining the simulated upper‐ocean temperature in summertime than the effects of mesoscale eddies
in the mixed layer. In our study we did not apply parameterizations of submesoscale eddies, which can
also impose some effects of restratification in the mixed layer. Considering the fact that the NBW and
SWP parameterizations together slightly overcorrected the temperature bias (Figure 6b), we speculate that
including the effect of submesoscale eddies would compensate the small overcorrection, thus further
improving the model performance.

5. Conclusions

In this work the vertical mixing parameterization of NBW was incorporated into the unstructured‐mesh
ocean model FESOM. The mixing coefficients are provided from the output of the MASNUM wave model.
The effect of wave mixing was compared to that of SWP. We demonstrated that both processes have the
potential to redistribute heat from surface to subsurface and improve the temperature simulation in the
upper ocean. The downward heat transfer decreases the cold biases in the subsurface ocean, especially for
the summer hemisphere where stable stratification exists. NBW leads to much stronger improvement on
the temperature simulation than SWP. The surface wave‐induced mixing also reduces the temperature
biases in the eastern tropical Pacific, where strong vertical temperature gradients exist.

As the ocean is the flywheel of the climate system, the better simulation of the upper ocean by including the
effect of NBW could improve climate model fidelity, for example, the less‐biased mixed layer depth (Fan &
Griffies, 2014) and the more realistic prediction of South Asian summer monsoon system (Y. Song et al.,
2012a). Recent analysis has shown that climate models taking part in Coupled Model Intercomparison
Project Phase 5 (CMIP5) models tend to have too deep surface mixed layers in winter in subtropical regions,
which can also be alleviated by including the NBW mixing (S. Chen et al., 2018). Although our analysis in
this work is done for one particular oceanmodel with one particular wavemodel incorporated, the identified
considerable improvement in the upper‐ocean temperature clearly indicates the importance of the NBW
mixing process, which presumably needs to be considered in other ocean climate models as well.

A limitation of this work is the applied parameterization of near‐surface eddy fluxes. The employed scheme
may not accurately represent the restratification of mesoscale eddies in the surface mixed layer. However,
simulations resolving mesoscale eddies have shown temperature biases in subtropical and tropical upper
oceans very similar to those obtained in coarse‐resolution models. That is to say, the cold bias in the
subsurface layer seems to be a persistent feature independent on whether the mesoscale is resolved or
not. Therefore, applying the NBW mixing and SWP parameterizations is suggested to be required in
general in ocean climate models. To compare the respective role of NBW and eddies in determining the
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upper‐ocean temperature in future work, we need to implement in our model version a physically sounder
scheme (e.g., Canuto & Dubovikov, 2011) for representing eddy fluxes in the mixed layer and use
eddy‐resolving setups as well.

In addition, it remains to see whether the wave‐induced mixing can reduce temperature biases in coupled
climate models. With sea ice decline in a warming climate, the effect of wave‐induced mixing in polar
regions should not be neglected in climate simulations. Properly simulating ocean waves in polar regions
and taking the relevant wave mixing processes into account are important topics that we need to undertake
in future work.
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