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Abstract

This report presents the integration of the prognostic wave model WAVEWATCH 111
(WW?3) into the Norwegian Earth System Model (NorESM), as well as the wave coupling
experiments performed within the framework of the MakingWaves project. Three wave-
induced processes are investigated: (i) wave-modified Charnock parameter for wave-
atmosphere coupling (ii) Langmuir Turbulence (LT) effects for wave-ocean coupling,
and (ii1) wave-ice radiation stress for wave-sea-ice coupling. The parametrization of LT
mixing has been demonstrated to mainly deepen the ocean mixed layer (MLD) in both
data-atmosphere-forced and fully coupled simulations, which in turn, reduces shallow
MLD biases. The bias in the amplitude of sea surface temperature (SST) seasonal cycle
in the southern hemisphere has significantly been reduced. Moreover, the SST exhibits
cooling in summer and warming in winter, a pattern that is particularly prominent in the
data-atmosphere forced case. However, in the active-atmosphere case, where atmospheric
feedback is present, the average SST is generally found to be overall reduced, specially
over the southern hemisphere. This reduction in SST is primarily attributed to the sea ice
albedo feedback mechanism. The indirect LT mixing effects on sea ice are closely linked
to those variations in SST. Coupling with WW3 involves a significant computational and
development cost. To address this, a more efficient alternative is assessed, namely a wave-
theory parameterization based on the 10m wind and an empirical wave spectrum. The LT
mixing effects induced by this wave-theory parameterization are found to resemble those
produced by the coupling with WW3. The impact due to wave-Charnock and wave-ice
radiation stress on the model climatology is found to be minimal compared to the LT

effects.
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1

Introduction

The goal of the MakingWaves project is to assess the effects of wind generated surface
gravity waves on the global climate. To understand their climatological role through the
analysis of simulations, we incorporated the wave model WAVEWATCH III (WW3) into
the Norwegian Earth Model System (NorESM). NorESM is a derivative of the Commu-
nity Earth System Model (CESM), with a different ocean model (Bergen Layered Ocean
Model, BLOM), an interactive ocean biogeochemistry module (IHAMOCC) and modi ed
atmosphere (CAM) and sea-ice (CICE6) components. The wave-ocean coupling consists
of a Langmuir turbulence parametrization whereas wave-atmosphere coupling is in the
form of the sea-state dependent Charnock parameter. Finally, the wave-ice coupling is
done by including the wave-induced stresses.

Wave-atmosphere coupling has been explored mainly for forecasting intense storms.
For instance, Varlas et al. [2018] applied Janssen's modi cation of the wave-dependent
Charnock parameter [Janssen, 1991] within the Weather Research and Forecasting model
coupled with the wave model WAM to successfully predict a storm's evolution over the
Adriatic and Tyrrhenian Seas. They observed barometric weakening due to increased sur-
face friction. The integration of WAM into ECMWF's weather prediction system, which
includes wave- eld effects on momentum uxes, has also led to reduced maximum storm
intensities. Despite these advancements, extended impacts of wave-atmosphere coupling
on timescales spanning months to years on the general atmospheric circulation remain to
be addressed. In this study we analyze the impact of wave-atmospheric coupling, through
wave-dependent Charnock parameter, on time scales of decades.

Wave-ice coupling has an evident but complex, two-way interaction. Waves can prop-
agate into sea ice, impacting both dynamic and thermodynamic sea ice properties in the
MIZ [Asplin et al., 2012]. Sea ice may be fractured by waves and waves also impact the
properties of newly formed ice. Conversely, sea ice damps waves and also scatters waves,
redirecting wave energy (Cavaleri et al. [2012]; Roach et al. [2018]). Finally waves carry
momentum and therefore, when they are attenuated in the MIZ part of their momentum
goes into the sea ice [Boutin et al., 2020], through a wave-ice radiation stress on the ice.
Changes in wind intensity together with a reduced sea ice cover in the Arctic summer,
which gives longer wind fetch for the waves, facilitate wave growth propagating towards
the sea-ice [Thomson and Rogers, 2014]. Unfortunately due to late model updates we
were unable to simulate wave-induced ice fracturing. In this study we only analyze the
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effects of wave-ice radiation stress on the sea ice.

Wave-induced effects in the ocean such as the Langmuir Turbulence (LT) [Craik and
Leibovich, 1976; McWilliams et al., 1997] are recognized to play a signi cant role in
enhancing the vertical mixing within the ocean boundary layer [e.g., Sullivan et al., 2007,
Grant and Belcher, 2009; McWilliams and Sullivan, 2000]. The LT is produced when the
mean current vorticity interacts with the Stokes drift, which forces overturning cell-like
structures known as Langmuir circulation cells [Leibovich, 1983; Thorpe, 2004].

Recent studies have shown that including parametrization of the LT mixing effects in
ocean general circulation models contributes to the deepening of the ocean mixed layer
(MLD) and to the reduction of its shallow biases [e.g., Fan and Grif es, 2014; Li et al.,
2016; Ali et al., 2019]. Accounting for the effects of non-breaking waves has also been
shown to enhance upper-ocean mixing, deepen the mixed layer, cool SST during summer,
and warm SST during winter [e.g., Li et al., 2025]. As waves propagate through the sea
ice and are attenuated, their momentum is transferred to the sea ice, exerting a stress that
drives the sea ice in the direction of wave propagation [Longuet-Higgins, 1977].

The parameterizations of LT mixing effects considered in this work are based on the
approaches of Van Roekel et al. [2012] and Li and Fox-Kemper [2017], and are imple-
mented by modifying the K-Pro le boundary layer scheme [Large et al., 1994] as part of
the CVMix community package [Grif es et al., 2015]. Due to the computational burden
of running WW3, we have considered two approaches for the wave-ocean coupling. In
the rstapproach, the Stokes drift pro le is computed online from the full wave spectrum
by WWa3. In the second approach, the Stokes drift is approximated by a Wave-Theory pa-
rameterization Model (WTM) based on the 10-m wind and the Phillips spectrum [Phillips,
1958] following Breivik et al. [2016] and Li et al. [2017].

A long with introducing a new wave component in NorESM, a wave-diagnostic tool
has been developed (Michel et al. [2026]) in order to facilitate the analysis of wave elds.
In the current report, we don't present how the waves are affected by the couplings. This
report is organized as follows. Section 2 provides a description of the data used in model
forcing and evaluating the model's performance. Section 3 outlines the methods, includ-
ing an overview of the model components, parameterization of wave-induced processes,
and the experimental setup. The results are detailed in Section 4, while Section 5 con-
cludes with a summary and discussion.



2

3.1

3.1.1

Data

In the experiments that were forced with prescribed atmosphere, the Japanese Atmo-
spheric Re-analysis JRA-55 [Kobayashi et al., 2015] was used. The observed monthly
mean mixed-layer climatology are taken from de Boyer Montégut et al. [2004] and used

to evaluate the improvement in the predicted MLD as a result of the LT mixing enhance-
ment. The sea surface temperature (SST) seasonal cycle is compared against observations
from the World Ocean Atlas 2018 [Locarnini et al., 2019]. For the data-ocean forced ex-
periments, the SST and sea- ice fraction are speci ed from a monthly climatology of a
repeating annual cycle, obtained from observations (HadISST, Rayner et al. [2003]) a

Methods

Model description

The NorESM system used in this work is a development version consisting of the fol-
lowing components: CAM6 for atmosphere, BLOM for ocean and CICEG6 for sea ice.

In this work, the prognostic wave model WW3 has been added as a wave component.
WWa3 is forced by wind elds from the atmospheric component, ocean surface currents
and boundary layer depth from the ocean component, as well as sea-ice concentration and
thickness from the sea-ice component.

Coupling framework

The coupling framework used here is the National Uni ed Operational Prediction Capa-
bility (NUOPC), see https://earthsystemmodeling.org/nuopc/, which is

based on the Earth System Modelling Framework (ESMF). This part of the model, also
called "mediator", accepts variables from all model components on their native grids, and
interpolates them to the target grid of other model components, as needed. Itis called once
per atmospheric model time-step; of which other model's time-steps are a multiple (2 for
ocean and sea-ice), the coupling elds being accumulated in the mediator as required. For
this work, we utilized the mediator base code tag cmeps0.14.24 noresm_v1 on
https://github.com/NorESMhub/CMEPS.git. A number of additional cou-

pling elds were de ned in the mediator in order to allow the coupling between the ocean
surface wave components, WW3, and the atmosphere, ocean and sea-ice components.



As a rule, the computation and use of such elds occur within the model components
themselves. The computation cost of additional couplings is entirely negligible; the cou-
pled model cost in its entirety increased according to the additional computational cost of
the new component WW3. We should like to note that this work was carried out while
both the coupler and the individual model components were in development. As a con-
sequence, the code and con gurations used here are non-standard, re ecting additional,
project speci ¢ developments on an intermediate development version of the base code
itself. This situation has caused a very considerable delay in the actual project work, in
particular for the completion of the required model integrations and for their evaluation.

3.1.2 CAM-Nor

The atmosphere component of NorESM is a derivative of CAM6 [Gettelman et al., 2019]
with modi cation in both physics parameterizations [convection, cloud; cf Seland et al.,
2020a] and dynamical core [Toniazzo et al., 2020] as used for the NorESM2 (CMIP6)
model version, and on the same set of 32 hybrid sigma-p pressure levels. Consistently, we
used a con guration using the hydrostatic primitive-equations nite-volume dynamical
core [Lin, 2004; Toniazzo et al., 2020] on a regular, rectangular grid of 144 longitude
points times 96 latitude points. For a better focus on the North-Atlantic region of the
storm track (cf. Sect. 4.1 and Fig. 3), we also used a 288 192 grid in the data-ocean
forced experiments. Our CAM-Nor computer code was originally based on CAM tag
6.3.109 https://github.com/ESCOMP/CAM/tree/cam6_3 109). Additional

to the NorESM2 modi cation, numerical stability of the atmospheric PBL was ensured by
calling the CLUBB parametrization [Bogenschutz et al., 2013] after the coupler, allowing
an iteration on the surface friction velocity within CLUBB, and passing both the updated
friction velocity and the updated surface wind to the coupler and the ocean model (with
one atmospheric time-step delay with respect to the atmosphere) by means of a correction
to the surface friction computed in the coupler. For the computation of the wave-Charnock
parameter, which is performed within surface wave component, WW3, neutral instead of
actual 10-meter winds consistent with the friction velocity were passed to WW3. CAM-
Nor's overall time-step was kept at the default of 1800 seconds.

3.1.3 BLOM



Compared to the version of Bergen Layered Ocean Model (BLOM) used in NorESM2
[Seland et al., 2020b], an upgraded version is used in this study. A major development
Is a complete implementation of the vertical Lagrangian-remap method [Grif es et al.,
2020], providing great exibility in the choice of vertical grid. Here a hybrid vertical
coordinate is used where layer interfaces are nudged to approach reference densities at
interfaces [continuous isopycnals, White et al., 2009], while a minimum layer thickness
is enforced at the upper boundary to facilitate resolution in the planetary boundary layer
(PBL) [Bleck, 2002]. With the hybrid vertical coordinate, vertical diffusivities are ob-
tained using the non-local K Pro le Parameterization [KPP, Large et al., 1994] as im-
plemented in the CVMix community package [Grif es et al., 2015]. A deviation from
the standard KPP is the non-local distribution of surface momentum ux and non-local
distribution of brine from sea-ice freezing, where we absorb the brine ux towards the
base of the PBL. The parameterization of wave-induced Langmuir mixing follows the
implementation in CVMix as detailed in Sect. 3.2.2.

Horizontally, BLOM is discretized on the same tripolar grid as used for NorESM2,
with a grid resolution at the Equator of ¥onally and 1=4 meridionally, gradually ap-
proaching more isotropic grid cells at higher latitudes. In the vertical 76 model layers are
used with minimum layer pressure thickness at the surface of 2.5 dbar.

3.1.4 CICE

The present sea ice model is based on CICEG6.4.1 (https://zenodo.org/records/
7419531), with modi cations for the CESM model. The actual CESM tag is cice6_

4 1 20230324 (https://github.com/ESCOMP/CICE/releases/tag/cice6__

4 1 20230324). CICE uses the Elastic-Viscous-Plastic (EVP) rheology [Hunke and
Dukowicz, 1997], and a sea ice thickness distribution formulation [Thorndike et al.,
1975]. Vertical physics is modeled based on the icepack model (https://github.
com/CICE-Consortium/lcepack) as an integrated part of CICE. NorESM uses

the mushy-layer thermodynamics [Turner and Hunke, 2015], together with the Delta-
Eddington short wave radiation [Briegleb and Light, 2007], and level ice melt ponds
[Hunke et al., 2013], a similar con guration as in NorESM2 [Seland et al., 2020b].

3.1.5 WAVEWATCH Il (WW?3)



The prognostic model WW3 [Tolman, 1991; WAVEWATCH IIl Development Group,
2019] is a third generation wave model that calculates the evolution of the wave spec-
trum by solving the wave action equation (Komen et al. [1996]). The source terms of
this equation represent several key processes involved in wave transformation. In this
study, the source terms account for the following processes: wave generation by wind and
wave dissipation by white-capping computed according to Ardhuin et al. [2010] (i.e. ST4
switch); nonlinear wave interactions modeled using the discrete interaction approxima-
tion of Hasselmann and Hasselmann [1985]; and the representation of wave attenuation
by sea ice calculated following Yu et al. [2022]. The separation between wind-sea and
swell regimes is done by using the wave-age criteria.

With the wave spectrum, integrated variables are calculated. We present some of them.
The signi cant wave height, H,, is obtained by calculating the total area under the wave
spectrum curve. That is:

S
Z 2y
Hm, =4 E(w;q)dwdq (1)
0 0

where E(w;q) is the two-dimensional wave spectrum, w is the angular frequency, q is
the direction in which the wave component is propagating.

The peak frequencypfis the frequency at which the wave spectrum reaches its max-
imum value. In WW3, § is calculated from the one-dimensional frequency spectrum,
E(w), using a parabolic t around the discrete peak.

The Stokes drift velocity pro le, in deep water, is de ned as:
2% 2% ¥ 3[ 12k
us(z) = g wke ™ “E(w;q)dwdqg; (2)
0 o0

wherek = (sin(q); cos(q)) is a unit vector in the wave direction. The wave model WW3
provides only the surface Stokes drift, i.e z=0 in Eq. (2).

The Stokes transport is the vertically integrated Stokes drift and its direction indicates
the direction of the wave-induced horizontal momentum ux. In deep waters, the Stokes

transport is calculated as:
ZopZy
VS = WKE (w;q)dwdq (3)
0 0

In our implementation, the wave model is set in a tripolar grid (named tnx1v4) equal
to the ocean and ice grid, which only allows for rst-order propagation. In contrast with
previous studies [(e.g. Li et al., 2016], wave propagation is also permitted in the polar

10



3.1.6

regions. The tnx1v4 tripolar grid has a nominal spatial resolution of 360 by 387 grid
points. The spectral resolution is 24 directions (with rst directional bin at)7ky 26
frequencies logarithmically spaced over the range 0.04118-0.4462 Hz with a standard
incremental factor of 1.1. Although by construction, with the tripolar grid, the maximum
number of processors allowed in WW3 is 624 = 26 24 (i.e., no of frequencies no of
directions), we only used 208 processors for the B experiments and 144 processors for
the C experiments since the performance of the wave model, with respect to time, did
not improve with more processors. When introducing WW3 in NorESM, the model cost
increased by around 40% in both B and C experiments.

Wave-Theory Model (WTM)

Due to the signi cant computational expense associated with running WW3 and addi-
tionally computing the Stokes drift (Eq. (2)) at every ocean point, Li et al. [2017] pro-
posed using a Wave-Theory parameterization Model (WTM) to reasonably approximate
the surface-layer-averaged Langmuir number used in the parametrization of the LT mix-
ing effects. Empirical wave spectra, such as the Phillips spectrum [Phillips, 1958] for the
high-frequency range and the Pierson—Moskowitz spectrum [Pierson Jr. and Moskowitz,
1964] for fully developed seas, provide valuable representations of ocean waves dynam-
ics. The Li et al. [2017] approach depends on the 10-m wind and the Phillips wave
spectrum to reconstruct the Stokes drift pro le. Breivik et al. [2014, 2016] demonstrated
that the Phillips spectrum can be used to reconstruct a reasonable approximation of the
full Stokes drift pro le. This is justi ed under the assumption that the Phillips spectrum
adequately represents the high frequency part of the real spectrum which accounts for the
largest contribution to the Stokes drift near the sea surface.

The reconstructed Stokes drift pro le is subsequently used to compute the surface-
layer-averaged Langmuir turbulence number which is then utilized to calculate the Lang-
muir mixing enhancement factor. A detailed derivation of the WTM is found in Li et al.
[2017]. Here we present only a brief summary. The surface Stokes @liisftparameter-
ized from the 10-m wind, b, by

US ¢ 2Ui1o;

where ¢ =0:016 is a constant. The Stokes transport is derived from the wind speed based
on a depth-integrated Stokes drift from the Pierson—Moskowitz spectrum [McWilliams
and Restrepo, 1999; Webb and Fox-Kemper, 2011]. The signi cant wave heiglard
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the peak frequency,from the Pierson—Moskowitz spectrum [Pierson Jr. and Moskowitz,
1964; Bouws et al., 1998] are

Hm, 0:0246U Z;

g
f, 0:816 :
P 2pUso

The Stokes transport is then estimated as

20¢1 -
VS %fHﬁb 2:67 10 5 gU3;

Here the coef cient ¢ = 0:667 accounts for the effect of swells and directional spreading.
Based on the the Pierson— Moskowitz spectrum, the mean frequeiscielated to the

peak frequency [Webb and Fox-Kemper, 2011Jfasl:296f ,. The values of the con-
stants ¢ = 0:667 and ¢ = 0:016 are estimated based on the best agreement between the
predictions from the WTM and the global wave hind-cast simulation with WW3 [RA13,
Rascle and Ardhuin, 2013]. The general peak wavenumber which accounts for directional
spreading is derived as

Finally, based on the Phillips spectrum, the Stokes drift averaged over a surface layer from
z=H g toz=0is given by:

0:151 0:0591
ug =us 0:715+ 0:840 [1 Ti(kp;Hst] 0:840+ Ta(kp; HsL)
0:0632 0:0946
+0:125 [1 T (ko Hg ]+ 0:125+—— " To(k.:H - (4
K HsL [1 T 1(kp;HsLl KoHsL 2(Kp HsL) (4)

Here, the surface layerdd is determined as the 20% of the depth of ocean boundary layer
h as H; = h=5, kp =2:56kp and

Tu(k;z) = e
pP_—— P_——
To(k;z) = 2pkjzjerfc ~ 2kjzj ;
where erfc(:) is the complementary error function. The surface-layer-averaged Stokes
drift given in Eq. (4) is used in the formulation of the Langmuir Turbulence enhancement
factor in Sect. 3.2.2. Note thaguwill be smaller for a deeper ocean surface boundary

layer h, a typical situation during winter. The computational cost of the WTM is negligible
compared to that of running WW3 [Li et al., 2017].
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3.2 Wave coupling processes

In this section, the three wave-induced processes investigated in this work are described.

3.2.1 Wave-Atmosphere coupling through wave-Charnock

The Charnock parameter ( Charnock [1955]), denoted here as a, is used in the formulation
of the aerodynamical surface roughnegsrzthe atmospheric model as:

au?

g

where g is the acceleration due to gravity andathe friction velocity. When there is
not coupling a is taken as a constant. When taking into account aerodynamic roughness
as wave heights grow due to increasing surface stress a becomes the sea-state Charnock
parameter [Janssen, 1991]:
b
a = ‘p:
1jt w=w

where b =0:01 and §, is the wind to wave momentum ux calculated in WW3 as:
Z 02y .
tw=gr —Sinp(w;0)(sing;cosq)dwdq
0 0 W
where w is the radial frequency, k is the wavenumber, r is the air density gpnts$he
source term corresponding to wave growth computed according to Ardhuin et al. [2010].

3.2.2 Wave-ocean coupling through Langmuir turbulence effects

Parameterizations of the in uence of LT in large-scale general circulation ocean models
are derived using Large Eddy Simulations (LES) of the Craik-Leibovich vortex force,
which demonstrate a signi cant enhancement of turbulent kinetic energy (TKE) [e.qg.,
Skyllingstad and Denbo, 1995; McWilliams and Sullivan, 2000; Harcourt and D'Asaro,
2008; Van Roekel et al., 2012]. The parameterization of the LT effects is achieved by ap-
plying an enhancement factor, within the ocean boundary layer, to the turbulence velocity
scale w, as well as enhancing the boundary layer entrainment via modi cation of the un-
resolved turbulent velocity shear used in the calculation of the bulk Richardson number.
In the KPP scheme [Large et al., 1994], the water column is divided into two regions: the
ocean surface boundary layer and the ocean interior. The ocean surface layer is dominated
by turbulence from wind, buoyancy uxes and waves, while the ocean interior mixing is
driven by processes such as internal wave breaking and shear instabilities.
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The ocean boundary layer depth h is determined as the shallowest depth at which the
bulk Richardson number Riz) rises above a critical value Ri

Br B(2))iz]
jur u(2)j 2+Vé@2)!

Riy(z) = (5)

Here B is the buoyancy and,us the velocity, both averaged over a thin surface layer
centered at,z Note that, in the CVmix implementation, the distance & is used
instead of jzj. The termMepresents the unresolved turbulent velocity shear which is
parameterized [Large et al., 1994] as :

CN@wizj b 1 2
Rick 2 cse

(6)

Vtz(Z) =

where G = max(2:1 200:0 max(0;N);1:7) [Danabasoglu et al., 2006], wis the tur-
bulence velocity scale for scalar properties, N(z) is the local buoyancy frequency, k =0:4
is the von Karman constant, and=<98:96 while e = 0:1: The parameter{b 0:2
represents the ratio of the entrainment buoyancy ux at the base of the boundary layer
to the surface buoyancy ux [Large et al., 1994]. In the KPP scheme, the turbulent eddy
diffusivity/viscosity of a property X within the ocean surface boundary layer0<z<his
parameterized as

Kx(z;t) = h(t)w x(z=h;t)G(z=h): (7)

where G is a smooth shape function assumed to be a cubic polynomial, the turbulent
velocity scale w=ku =f, and u is the friction velocity and f is the stability function.
Based on a LES study, McWilliams and Sullivan [2000] proposed that the LT effects
to be parameterized through a mixing enhancement factor {£¥Eal applied to the
turbulent velocity scale as
wx = (ku =f)E (Lay); (8)

This modi cation will enhance both the turbulent eddy diffusivity/viscosity (Eq. 7) and
the unresolved turbulent velocity shear (Eg. 6) as both éiepﬂj on the turbulent velocity
scale w. The turbulent Langmuir number is de ned asska u =Lg [McWilliams et al.,

1997], which measures the effects of the wind-driven shear given by the friction velocity
u relative to the Stokes drift production [Grant and Belcher, 2009]. To account for the
Stokes drift penetration depth, Harcourt and D'Asaro [2008] proposed a surface-layer
averaged Langmuir number as

Lag. =[u =(hdis)]*™ %)
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The surface layer averaged Stokes drift is:

z

. 1 -0
hifigy = — u3(z)dz;
HsL H s

where H; represents the upper 20% of the ocean boundary layer depth h.

The inclusion of the ocean boundary layer depth in the calculation of Langmuir num-
berin Eg. (9) introduces seasonal variability to the Langmuir enhancement factor. Specif-
ically, the enhancement factor becomes weaker in winter and stronger in summer due to
the seasonal difference in the ocean boundary layer depth, which is typically deeper in
winter than in summer. If this dependency is neglected, it could result in a vigorous
Langmuir turbulence mixing during winter that overestimates the winter MLD.

Van Roekel et al. [2012] proposed the inclusion of potential mismatch in the direction
between waves and wind, as this will suppress the Langmuir turbulence and hence reduce
its vertical mixing enhancement. The combined effects from the the Stokes penetration
depth and wave-wind misalignment gives a projected Langmuir number [Harcourt and
D'Asaro, 2008; Van Roekel et al., 2012; Li et al., 2016] in the form:

1=2

u cos(a) . (10)

hipi g cos (gww @)

Las p=

where a represents the angle between wind and Langmuir cells, gnisghe angle
between Stokes drift and wind. Note thafilyy can be computed from WW3 using the
full wave spectrum or approximated by the TWM using Eq. (4).

In this work, we have used three LT parameterization types, focusing on how the
enhancement factor is formulated and how the unresolved turbulent velocity shear is
modi ed, as well as which wave coupling source is used. These parameterizations are
summarized in Tablel, with detailed descriptions given below.

() LT parameterization type ww3VR12:

In the ww3VR12 type, the enhancement factor is computed by WW3 and accounts for
wind-wave misalignment. Therefore, it is based on the projected Langmuir numger La
[Van Roekel et al., 2012; Li et al., 2016] and expressed as:

q
E (Lagp) =jcosaj 1+(1:5Lag.p)? +(5:4Lag.p)?: (11)

This enhancement factor is applied tg W Eq. (8), consequently enhancing the eddy
diffusivity/viscosity in Eq (7). In addition, the enhancement factor is applied to the turbu-
lence velocity scale wappearing in the expression for the unresolved sheafhus the
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enhanced unresolved turbulent velocity shealid/given by:

. 1
CN(Z)WE (Lagp)jizj b 1 2,

20y =
ViE@) = Rick2 cse

(12)

The LT modi cation of the unresolved turbulent velocity sheac®h increase its magni-
tude, which will decrease the bulk Richardson numbegrl@ding to a deepening of the
MLD.

(I) LT parameterization type ww3LF17:

The ww3LF17 type is the same as ww3VR12 except that the unresolved turbulent shear
is modi ed differently. Instead of applying the LT enhancement factor to the velocity
scale as in Eq. (12), the ww3LF17 [Li and Fox-Kemper, 2017] proposed a scaling to the
entrainment buoyancy ux wb% to account for the in uence of LT on the boundary layer
entrainment under destabilizing conditions. The unresolved shear given in Eq. (6) is re-
derived [Li and Fox-Kemper, 2017] to incorporate the LT-enhanced entrainment buoyancy

ux as: .
CN(2ws(2)izj  whgh 2
VZ(z) = : & 13
where the LT-enhanced entrainment buoyancy ux, under unstable conditions, scales as
us ) h
wig = & 0:17+0:083Lag 0:15

Here L = u 3=(kB) is the Monin-Obukhov length.

Note that this modi ed turbulent shear by Li and Fox-Kemper [2017] is applied only
under destabilizing surface buoyancy ux, because this is the regime in which their LES
simulations were conducted. Under neutral and stabilizing regimes, we apply the de-
fault unresolved turbulent shear given in Eq. (6). As illustrated by Li and Fox-Kemper
[2017], the modi ed unresolved turbulent shear veloci@WiII make the diagnosed sur-
face boundary layer slightly shallower in the convection limit, ésbécomes slightly
smaller than the defaultd/ However, it will have deepening effects in the weak surface
cooling limit. This means that the deepening effect will be constrained under pure con-
vection conditions (dominant winter conditions for example in the Labrador Sea), while
it will be enhanced under weak surface cooling and in the presence of wind and wave. In
deriving expression (6) for the unresolved shear in the default KPP scheme, the entrain-
ment buoyancy ux under pure convection is parameterized using the empirical relation

wh% = b 1Bf under pure convection [Large et al., 1994]. Same as in ww3VR12, the LT
enhancement factor and surface-layer averaged LT number are computed by WW3.

16



The ww3LF17 parameterization is used in Exps. XBXC .
() LT parameterization type prmVR12;
The prmVR12 type is the same as ww3VR12 except that the wave coupling source is the
WTM instead of WWa3. In this type, the surface-layer averaged Stokes é[i,fmtimated
by Eqg. (4) is utilized. However, since wave-wind misalignment is not explicitly accounted

for, the LT enhancement factor is computed as:

q
E (LagL) = 1+ (1Z5Las|_) 2 + (5:4Las|_) 4 ; (14)

where the surface-layer averaged Langmuir number
Las. = [u =& 1" (15)

and & asin Eq. (4).
The prmVR12 type is used in Exps. XB_prmVR12_o and XC_prmVR12_o.

LT type Subscript Enhancement factor E (L&) Turb. shear | Wave source
CNTL 1 VP2 No wave effects
Ww3VR12 | ww3VR12 0 jcosajp 1+(1:5Lasp) 2 +(5:4Lasp) 4 | V& ww3
Ww3LF17 | o jcosajp 1+(15Lasp) 2 +(5:id4lasp) ? | V2 ww3
prmVR12 | prmVR12_o P 1+(1:5Lag) 2 +(5:4Lag)) 4 V2 WTM

Table 1: List of the LT mixing parameterizations assessed in this work. The rst column
provides the parameterization type, while the second column shows the subscript used in
the experiments names. The third column lists the formula for the LT mixing enhancement
factor, followed by the modi ed unresolved turbulent velocity shear in the fourth column.
The fth column presents the wave coupling source. CNTL means no wave-induced
effects are included.

3.2.3 Wave-Sea-ice coupling through wave-ice radiation stress

Waves transport momentum, and when they are attenuated by sea ice this momentum is
transferred to the sea ice. This momentum loss acts as a stress that pushes the sea ice
in the direction of the attenuated wave [Longuet-Higgins, 1977]. In WW3 the wave-ice

radiation stress is computed following Williams et al. [2017] as:
Z ol y _
twi=rwg = Sce(w;q)(cosq;sing)dwdq (16)
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3.3

where 1y is the water density; g is gravity; w, g and k are, respectively, the radial fre-
guency, direction and wavenumber of waves; apd, $alculated following Yu et al.
[2022], is the source term corresponding to wave attenuation by seaice at a given position.
Once estimated by WW3, this wave-ice radiation stress is sent to the sea-ice model.

Given the vertically integrated sea ice velocity 4, the force balance of sea ice per unit
surface area can be written as

m%+mfk u=mgNz N + at w o (17)
where m is the total mass of ice and snow, z is the ocean surface height, f is the Coriolis
parameter, k is the vertical unit vector, is the internal stress tensor, andnd , are
surface stresses from the air and water, respectively [Consoritum, 2023]. In addition, we
have added the wave-ice stresg.t The surface stresses from air and water contain a
factor proportional to the sea ice fractiogeato act over the sea ice covered part of the
grid cell, only.

When solving Eq. (17), the surface elevation tilt term, air-ice stresses and wave-ice
stresses are held constant, while Coriolis, internal stresses, and ice-ocean stresses are
varying dependent on 4. Therefore, in the model implementation, the wave-ice and air-
ice stress vectors are added together before applied in the force balance.

One important point to notice is that both wave-ice, and air-ice stresses, and the total
mass m, are proportional to the ice fractiggr.alherefore, it is important that the wave-
ice stress from Eq. (16) is calculated with respect to the same ice concentration as used
in Eq. (17). If this requirement is not ful lled, momentum will not be conserved, and the
solution of Eq. (17) can be unstable. An alternative is to transfer the intensive stresses
from the wave model (stress per unit ice area), with a value of zero if ice is not present.
Then, the ice model can multiply this with the same ice fraction as used in the rest of
Eq. (17). This approach should be stable, but does not conserve momentum between the
models. Therefore, in the present experiments, we have opted to change the call sequence
of the models, such that atmosphere, waves, and sea ice are called sequentially at every
radiation time step (30 s) for the atmosphere model. Then the waves will use the same
ice concentration eld to calculate the wave-ice stresses, as is applied afterwards when
solving Eq. (17). Unfortunately, due to the poor scaling of WW3 to many processors, this
slows down the model considerably.

Experiments description
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3.3.1

3.3.2

3.3.3

The experimental design and nomenclature used in this work are illustrated in Fig. 1,
which also shows the coupling between the different components. Each experiment name
starts by X followed by a primary: A,B or C denoting the forcing con guration, and
an optional subscript indicating the type of wave coupling with the other components.
Speci cally, the primary A refers to experiments forced with prescribed ocean, B denotes
experiments forced with prescribed atmosphere, and C indicates experiments where all
components are active.

The subscripts, refers to wave-atmosphere coupling using wave-dependent Charnock
in CAM, _, refers to wave-ocean coupling using LT parameterization in BLOM while
_j Indicates wave-sea-ice interaction using wave-ice radiation stress in CICE. Besides
the wave-ocean coupling with,, additional experiments are conducted using alternative
LT mixing parameterizations and wave sources, which are denoted with the subscripts
ww3VR12_o@ndpmvr12 oand summarized in Table 1.

Data-ocean forced experiments: A

Experiments forced with prescribed ocean data are indicated by the primary A. Here the
atmosphere and wave components are active and the wave component is forced by elds
from the atmosphere component. The land component is still interactive, but SST and sea-
ice fraction are speci ed from a monthly climatology of a repeating annual cycle, obtained
from observations (HadISST, Rayner et al. [2003]) as an average over the decade 1995-
2004. These experiment were run for 10 years from climatological initial conditions, and
evaluated over the last seven years.

Data-atmosphere forced experiments: B

Experiments forced with prescribed atmosphere data are denoted by the primary B and
utilize JRA-55 atmospheric reanalysis [Kobayashi et al., 2015] for forcing. Here the wave,
ocean and sea-ice components are active. These experiments allow us to study the oceanic
response without feedback from the atmosphere. Generally, B experiments were run for
62 years, from climatological (WOA) initial conditions. Only the control, XB, was run

over several JRA cycles for a total of 240 years; and X®as initialized from year 180

of XB instead of WOA.

All active components: C
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Experiments with all active components are identi ed by the primary C. Unlike the A
and B cases, these experiments include an active atmosphere component. Therefore, this
con guration will allow for the atmospheric feedback, for example when including wave-
induced effects on the ocean or/and sea-ice. All C experiments were run for a total of 80
years. The initial conditions were provided by the end of a 100-year long spin-up integra-
tion of XC which is in turn initialized from WOA climatology. The spin-up integration

has identical con guration to XC.

Figure 1: Schematic describing the experiments performed and highlighting in blue the connec-
tions with the waves: wave parameterization within the ocean model or one-way and two-way
coupling with the wave model. The primary A refers to experiments with prescribed ocean, B
denotes data-ocean forced experiments, and C indicates experiments with all active components.
The subscript 5 refers to wave-atmosphere coupling using wave-Charnock in CANefers to
wave-ocean coupling using LT parametrization in BLOM whijendicates wave-sea-ice inter-
action using wave-ice radiation stress in CICE. The subsggiptri2 points to the case where

LT enhancement is diagnosed from WTM instead of WW3. For detailed LT parametrization see
Table,1.

20



4

4.1

Results

Figure 2. Subregions NH-High = (38 to 90 N), NH-Mid = (12 N to 37 N), Tropics = (11S to 11N),
SH-Mid = (37 S to 12 S), SH-High = (90S to 38 S) representing high latitudes, extra tropics and tropics.

As will be shown, the results from the numerical experiments, de ned in Figure 1, demon-
strate that wave-induced effects yield changes in the atmosphere, ocean and sea-ice. A
detailed presentation of these results is provided in this section.

To investigate the regional changes induced by the wave effects, the global domain
is split into ve equal-area meridional sub-regions as shown in Fig. 2, namely Northern
Hemisphere - High Latitudes (NH-High: 38°N to 90°N), Northern Hemisphere - Mid
Latitudes (NH-Mid: 12°N to 37°N), Equatorial Zone (Tropics 11°S to 11°N), Southern
Hemisphere - Mid Latitudes (SH-Mid: 37°S to 12°S) and Southern Hemisphere - High
Latitudes (SH-High 90°S to 38°S).

Wave-Atmosphere coupling

Initial experiment at storm-resolving resolution performed with the CAM-Nor model with
the wave-Charnock parametrization (analogous to the XA andzfAair, but at higher
resolution) indicated promising results from the use of the wave-Charnock parametriza-
tion with an interactive ocean surface wave eld. Figure 3 shows that in the North At-
lantic, and norther Europe, a pattern of low-high-low pressure emerges with systematic
changes on surface temperature and precipitation. These are dynamically consistent with
changes in the storm track that appear to be linked with increased latent heat uxes over
the North Atlantic during high-wind conditions. We found that these changes are not
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Figure 3: DJF climatological differences of atmospheric variables for an XA experiment,
XA _a XA with observed SST and sea-ice climatology (HadISST), tesolution. The
variables shown are indicated by the labels at the top of the panels: surface temperature
(Ts, top left), pressure at mean sea level (PSL, top right), streamfunction at 200 pdga (Y
bottom left), and potential vorticity (PV) at the 322hPa model pressure level (bottom
right).
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Figure 4: Annual mean climatology differences in XAXA, standard (2 ) resolution.
(a) observed SST and sea-ice climatology (HadISST); (b) SST and sea-ice climatology
from the XC (control, all active) experiment.

dependent on either teleconnections or on the details of the representation of the wave-
Charnock parameter, so long as this is sensitive to high wind situations.

However, we also found that such changes, along with others in the climatology, are
in fact very sensitive to the prescribed SST and sea-ice climatology in these experiments.
Figure 4 illustrates this point on the basis of the standard Xéxperiment compared
with XA and XA 5 simulations using prescribed SSTs and sea-ice concentrations from
out coupled all-active simulations, XC. The PSL pattern correlation (Parson coef cient for
the area-weighted grid-point arrays) between the two climatological differences is 0.16,
i.e. not nearly signi cant. Similar results are found for other quantities. Furthermore,
even if regionally there may still be similarities, perhaps governed by local dynamics,
even these disappear when the SSTs are allowed to respond to atmospheric circulation
changes. We note that, in general, unrealistic model con gurations such as those used for
the A or B experiments in this work, where heat is not allowed to modify a part of the
model state, are only useful and informative to the extent that they provide explanatory

23



4.2

power for results from all-active simulations where such unphysical constrains are not
applied. Moreover, a strong sensitivity of the effects of a certain physical mechanism,
like wave-Charnock here, to the model state, implies compounding errors due to model
systematic biases. Hence, even though some of the results from the B experiments are
conceptually interesting, we must conclude that the use of wave-Charnock in climate
simulations is, on its own, not useful.

Wave-Ocean coupling

The main impacts of accounting for wave-induced effects on the ocean through parame-
terization of Langmuir Turbulence effects are deepening of the ocean mixed layer depth,
as demonstrated in the MLD difference timeseries in Fig. 5, summer-mean in Fig. 6 and
winter-mean in Fig. 7. Moreover, these impacts are robust in both the B and C exper-
iments, demonstrating that the MLD deepening due to the LT parameterization is gen-
erally not affected by the atmospheric feedback. Strong MLD deepening takes place in
regions where high wave conditions are present, for example over the southern ocean. The
seasonal averages are computed over a period of twenty years as given in Table ??. The
summer-mean is calculated by averaging MLD over July through September (JAS) for
the Northern-Hemisphere (NH) and over January through March (JFM) for the Southern-
Hemisphere (SH). In contrast, the winter-mean is determined by averaging MLD over
JFM for the NH and over JAS for the SH.

Figures 6 and 7 shows that the MLD deepening when coupling with WW3, {XC_
XC), is mainly reproduced by using parametrized waves with the WTM, (XC_prmVR12_o
XC). A similar agreement can be observed in the B experiments, speci cally between
XB_o XB and XB_prmVR12_o XB, except that there appear MLD decrease close to
sea-ice during winter as shown in Fig. 7.
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(a) xB, XB (b) xc_, xc

(c) xB_, XB (d) xc_, xc

Figure 5: Timeseries showing the impacts of LT mixing enhancement on the MLD. Top panels: temporal
evolution of the difference in the zonal-mean MLD, while bottom panels show timeseries of the difference
in area-the averaged MLD over subregions NH-High, NH-Mid, Tropics, SH-Mid and SH-High. Left panels:
XB_o XB and right panels: XC_, XC.
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(a) XB_, XB, years:220 240 (b) XC_, XC, years:160-180

(C) XB_prmVR12_o XB, years:40-60 (d) XC_prmVR12_o XC, years:160-180

Figure 6: Maps depicting the impact on the summer-mean of the ocean mixed layer (MLD) due to
parametrization of LT mixing enhancement for both hemispheres, where the summer-mean MLD is com-
puted by averaging MLD over JAS for NH and over JFM for SH. Left) B con guration and right) C con g-
uration. The top panels show the case when using the ww3LF17 type, and bottom panels show when using
the prmVR12 type as de ned in Table 1. Here the temporal averages from the nal 20 years of the runtime

for each experiment are utilized.
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