This manuscript of “Diurnal Warm Layers in the ocean: Energetics, non-
dimensional scaling, and parameterization” is a non-peer reviewed preprint. It
has been submitted to Journal of Physical Oceanography.



Generated using the official AMS IXTEX template v6.1

+ Diurnal Warm Layers in the ocean: Energetics, non-dimensional scaling,

2 and parameterization

3 M. Schmitt,! H. T. Pham,? S. Sarkar,?? K. Klingbeil,1 L. Umlauf,’

4 U Leibniz-Institute for Baltic Sea Research, Warnemiinde, Germany

5 2 Mechanical and Aerospace Engineering, University of California at San Diego, USA
6 3 Scripps Institution of Oceanography, University of California at San Diego, USA

7 Corresponding author: Mira Schmitt, mira.schmitt@io-warnemuende.de



20

21

22

23

24

ABSTRACT: Diurnal Warm Layers (DWLs) form near the surface of the ocean on days with strong
solar radiation, weak to moderate winds, and small surface-wave effects. Here, we identify the key
non-dimensional parameters for DWL evolution, and use idealized Large Eddy Simulations (LES)
and second-moment turbulence modelling, both including the effects of Langmuir turbulence, to
study the properties and dynamics of DWLs. We find that the second-moment turbulence models
are in excellent agreement with the LES regarding the structure, dynamics, and bulk properties of
the DWLs. Comparing tropical and the less frequently studied high-latitude DWLs, we find that
rotation at high latitudes strongly modifies the DWL energetics, suppressing net energy turnover
and entrainment. Langmuir turbulence has a strong impact on the DWL energy budget in all
cases, significantly reduces near-surface shear and stratification, but, for the equilibrium wave
fields considered here, only slightly modifies the DWL thickness and other bulk parameters. We
find that the scaling relations of Price et al. (1986) provide a reliable representation of the DWL
bulk properties at the solar radiation peak across a wide parameter space, including high-latitude
DWLs, however, only for a revised set of model coefficients that reflects the effects of Langmuir
turbulence and other aspects of our more advanced turbulence model. We identify the timing of
the afternoon DWL temperature peak, and provide a description of the DWL bulk parameters also

for this characteristic point in the DWL evolution, which may be relevant in many situations.
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1. Introduction

Diurnal Warm Layers (DWLs) form near the surface of the ocean on days with strong solar
radiation, weak to moderate winds, and weak surface-wave activity. Reviewing existing knowledge,
Kawai and Wada (2007) noted that DWLs are a wide-spread feature, found at all latitudes and
characterized by typical sea-surface temperature (SST) anomalies of O(0.1 —1) °C and typical
thicknesses of O(1—10) m. DWLs are relevant to the ocean especially because of their ability
to isolate the deeper parts of the surface layer from atmospheric forcing (Wijesekera et al. 2020),
provide a niche for marine microorganisms, modify air-sea fluxes (Matthews et al. 2014), and feed
back to the atmosphere in ways that are just beginning to be understood (Brilouet et al. 2021).

Recent field investigations with specialized instrumentation (Matthews et al. 2014; Sutherland
et al. 2016; Moulin et al. 2018; Hughes et al. 2020a) and numerical modeling studies (Sarkar and
Pham 2019; Large and Caron 2015; Bellenger and Duvel 2009) have provided a consistent picture
of the physical processes determining the evolution of DWLs in the ocean: strong surface buoyancy
forcing tends to suppress near-surface turbulence, separating the deeper parts of the ocean surface
layer from direct atmospheric forcing. Analogously, however, the surface buoyancy forcing also
induces a trapping of wind-induced momentum, reflected in the evolution of a near-surface diurnal
jet with speeds O(0.1) m s~'. The strong shear at the lower edge of the diurnal jet generates a
marginally stable stratified shear layer, triggering strong DWL turbulence and entrainment (Hughes
et al. 2020a).

This detailed understanding of the DWL dynamics was, however, almost exclusively gained
based on investigations at tropical latitudes, despite the observation that during the summer months
diurnal SST anomalies at high latitudes may be as large as those found in tropical regions (Kawai
and Wada 2007). The few available studies of high-latitude DWLs (e.g., Eastwood et al. 2011; Jia
et al. 2023) reported a wide-spread occurrence also in the Arctic Ocean, with DWL temperature
anomalies reaching > 5°C during extreme events at latitudes of up to 80°N. Due to the lack
of detailed observations and numerical studies of high-latitude DWLs, our understanding of the
energetics and parameterization of these features is limited at the moment. Price et al. (1986), e.g.,
explicitly noted that their frequently used DWL scaling may not be applicable at high latitudes.

A few recent studies focusing on the impact of surface-wave effects on DWLs (Kukulka et al.

2013; Pham et al. 2023; Wang et al. 2023) underlined the importance of Langmuir Turbulence
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(LT) for the evolution of diurnal near-surface stratification, typically identifying a reduction of the
diurnal SST amplitude and an increase of the DWL thickness due to stronger entrainment. The
ability of existing parameterizations (Price et al. 1986) and ocean turbulence models to reproduce
these effects has not been systematically evaluated so far.

Here, we attempt to provide a unified description of DWLs in the ocean by first identifying
the key non-dimensional parameters that govern their structure and evolution, and then evaluating
the influence of these parameters across a large parameter space, including high-latitude and LT
effects. Our investigations will be based on a state-of-the art turbulence closure model, validated
with the help of Large Eddy Simulations (LES). We will focus on a detailed investigation of the
energetics of tropical and high-latitude DWLs, and suggests improved, carefully validated, and

widely applicable scaling relations describing the most relevant DWL bulk properties.

2. Model formulation

a. Momentum and buoyancy equations

Our analysis will be based on the one-dimensional transport equations for momentum and

buoyancy for an infinitely deep water column,

ou 0 [ Ou\ Oty
E‘f(""‘"s) T 9z v(?_z)_é‘_z (1)
v o [ dv\ Oty
E+f(l/t+l/£s) = 8_2 Va—z)—a—Z (2)
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o ﬁzvaz) 9z " 9z ©)

where u and v are the Reynolds-averaged velocities in the x- and y-directions, u; and v, the
corresponding Stokes drift velocities, f the Coriolis parameter, and v and v” the molecular
diffusivities of momentum and buoyancy (or heat), respectively. The vertical turbulent momentum
fluxes (normalized here with a constant reference density pg = 1027 kg m™) are denoted by 7, and
7y. The evolution of the Reynolds-averaged buoyancy, b, is determined by the vertical turbulent

buoyancy flux, G, and the radiative buoyancy flux, /5, due to penetrating short-wave radiation. We
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use the conventions that z points vertically upward with z = O at the surface, that all turbulent fluxes
are positive upward, and that the radiative buoyancy flux [ is positive downward.

The radiative buoyancy flux I, in (3) is proportional to the downward short-wave radiation,

=2 @)

PoCp

where « is the thermal expansion coeflicient, g the acceleration of gravity, and ¢, the specific heat
capacity. The evolution of DWLs is strongly affected by the absorption of short-wave radiation
in the near-surface region. For our idealized study focusing on the basic mechanisms of DWL
formation, the downward short-wave radiation / will be computed from a simple absorption model
of the form

I(z) = Ipe , (5)

where 77 is the short-wave absorption scale and [y the downward short-wave radiation at the surface.

At the boundaries, the following flux boundary conditions are used for the transport equations in

(D-G):

0 0

va—Z—Tx:T)? at z=0 0_Z:0 at z=-o0 (6)
0 0

VaomET oAl $=0 L ZE=0 at c=-w @
ob ob

Vb——G:BQ at z=0 , — =0 at z=-o0, (8)
0z 0z

where 70 and T)(,) are the components of the surface wind stress (again normalized by pg) and
Bo=agQ,s/(pocp) the non-solar surface buoyancy flux (positive downward), which is proportional
to the non-solar surface heat flux Q,,; (accounting for the long-wave, latent, and sensible heat fluxes).

Note that Q,,; and B will generally be negative (surface heat loss) in our study.

b. Surface forcing

In order to identify the key parameters controlling the DWL evolution and structure, the following
analysis will be based on idealized atmospheric fluxes that reflect the essential characteristics of
the atmospheric forcing under conditions favorable for DWLs. This forcing consists of a constant

non-solar heat (or buoyancy) loss at the surface (B < 0), and a periodic diurnal variability induced
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FiG. 1. Idealized buoyancy forcing with the radiative buoyancy flux at the surface, I, (z = 0), the non-solar

surface buoyancy flux, By, and their sum, the total surface buoyancy flux.
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where T), is the period of the prescribed forcing (24 hours), T; the daylight period with 7y > 0, and
Imax the maximum radiative heat flux reached at 7,,/2 (midday). The temporal evolution of the
surface buoyancy flux By, the radiative buoyancy flux at the surface 1, (z = 0), computed from Iy
according to (4), and their sum (the total surface buoyancy flux B), are shown in Fig. 1.

The surface buoyancy forcing defined this way is completely described by four dimensional
parameters: the two time scales T, and T, the maximum total surface buoyancy flux at midday,
Bmax, and the surface buoyancy loss By. Rather than 7, the more sensible parameter to describe
the formation of DWLs is the heating period 7}, during which the total surface buoyancy flux B is

positive (see Fig. 1). From (9), it is easy to show that these two time scales are related according to

2T, B
Th = Z4 arccos | ——2— | . (10)
T BO_BmaX

To reduce the number of free parameters and allow for quasi-periodic solutions, we will assume

in many of our simulations that the daily average of the total buoyancy flux is zero, i.e. that the
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incoming solar radiation is exactly compensated by the net surface buoyancy loss BoT),. With this

constraint, By and B are no longer independent:

_Bumax _ 7Ty

_ 11
By 2T, (in

In the following, we will often make the additional assumption that 7, = T}, /2, which is approx-

imately valid in the tropics and subtropics (and globally around equinox). For this special case,

which corresponds to the example shown in Fig. 1, expression (11) yields By = —0.467 Byax.
Finally, all our simulations will be forced by a constant wind stress in the x-direction, 70

X =
Cs2U}

2 U0 where p, = 1.23 kg m ™ is the air density, U} the 10-meter wind speed, and Cy=1.7-1073

a constant drag coefficient chosen to yield a Langmuir number of La = 0.3 (see Section 4b). This
introduces the surface friction velocity u, = /|| as another key dimensional parameter to the

problem.

3. Computation of the turbulent fluxes

The turbulent fluxes of momentum and buoyancy appearing in (1)-(3) will be computed from
two different modeling approaches. The first approach will be based on second-moment turbulence
modeling, whereas the second approach will use LES, in which the motions providing the most

important contributions to the turbulent fluxes 7y, 7, and G are directly resolved.

a. Second-moment turbulence modeling approach

In our second-moment turbulence modeling approach, the turbulent momentum fluxes are com-
puted from down-gradient expressions of the form
ou  ¢Ouy

T = W) = (Vta_z O

) , Ty:(v’w’):—(vt—+v, (12)
Z

where primes and bracket denotes turbulent fluctuations and ensemble averages, and v, and vtS

the vertical turbulent diffusivities of momentum related to the Eulerian and Stokes velocities,

respectively (Harcourt 2013, 2015). Similarly, the vertical turbulent buoyancy flux is computed

from

G=(wbh'y=—v"—=—y'N?, (13)
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with the vertical turbulent diffusivity vf’ and the squared buoyancy frequency N> = db/dz.
The turbulent diffusivities v,, v and v” are assumed to be related to the turbulent kinetic energy,

k=u; u’ /2, and a turbulence length scale, /, according to
v,:c#k%l, vf:csk%l, vf:cbk%l. (14)

The stability functions c, ci and CZ are essential for the representation of the effects of shear and
stratification on the anisotropy of turbulence. Our analysis will be based on the stability functions of
Harcourt (2015, hereafter H15) that constitute an improved version of an earlier model by Harcourt
(2013) and are considered state of the art for the integration of LT effects in second-moment closure
models (simplified model versions will be discussed below). Note that the stability functions are
presented here using the notation of the Generic Length Scale (GLS) framework (Umlauf and
Burchard 2003).

H15 showed that if LT effects are included, c,, ¢S, and c are polynomial functions of the

ﬂ’
non-dimensional time-scale ratios Nk /e, Sk/e, S:k /e, and S;k /e, where

ou\> [(ov\* ouoduy, 0Ovov u,\> (v,
N oV 2_ 9% s s 2 _ s K
S _(c’)z) +(6Z) T8 9 Yaz e (62) +(8Z) ’ (1>

illustrating the direct impact of Stokes shear on the stability functions that was ignored in earlier
models of LT (for the exact expressions, see (33) in H15). One example of these earlier models
is the one of Kantha and Clayson (2004, KC04 from hereon) that is based on the original stability
functions of Kantha and Clayson (1994), ignoring LT effects. The dissipation rate € follows from

the cascading relation
;3 k3 /2

e= ()’ — > (16)

with cg denoting the value of ¢, in the logarithmic wall layer (Umlauf and Burchard 2005). The
second-moment model is thus closed if the turbulent kinetic energy, k, and the turbulent length
scale, [, are known. These parameters are obtained from different types of transport equations as

described in detail in Appendix Al.
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b. LES modeling approach

The LES approach is used to numerically solve the three-dimensional Craik-Leibovich equations

for the grid-filtered Eulerian velocity components, U;, and buoyancy, B, as follows:

ovU;

=0
ﬁxl-
DU; ; ) o*u; 0Ty
D Eijk(Uj+uj)fk+Eijkujwk_a_)ci+b5i3+va_x?_ ax;

2p  00°%

DB = _usa_BJrvba_B_ J +% (17)
Dt Jaxj asz an 0z

Here, wy is the vorticity and D /Dt = 0/dt+U;0/0x;. The generalized pressure (IT) is computed

as
p 2e

M= P +% [lU:+ul|* - U],
where p is the dynamic pressure and e = 1/27;*" is the subgrid turbulent kinetic energy (TKE). We
use the filtered structure function parameterization in Ducros et al. (1996) to compute the subgrid
stresses Tlf;fg * and a unity subgrid Prandtl number to obtain the subgrid buoyancy flux Q;g *. Further
details of the numerical method used in the LES can be found in Pham et al. (2023).

The computational domain is a rectangular box with dimensions of 64 X 64 X 72 m in the X, y,
and z directions, respectively, using a grid size of 2563. The grid is uniform in the horizontal (x,
y) directions with a spacing of 0.25 m. We use a fine vertical grid spacing of 0.05 m at the surface
and mildly stretch the grid at a rate of 3% in the region below.

Periodicity is enforced at the horizontal boundaries. Wind stress 7, and surface buoyancy flux B
are applied at the top surface as implemented in the second-moment turbulence modeling approach.
A homogeneous Neumann boundary condition is used at the bottom boundary for the zonal and
meridional velocity components, buoyancy and generalized pressure while a Dirichlet boundary
condition is used for the vertical velocity component. The LES is initialized with zero velocity
and a fixed buoyancy value throughout the domain. Horizontally-averaged profiles of velocities,

(U;), buoyancy, (B), and turbulent fluxes, <U: U;> are obtained throughout the simulation and

used to compare with the second-moment turbulence model outputs (e.g., u, v, and b) in (1)-(3),
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as elaborated in Section 5. Here, we use angle brackets to denote horizontal average of the LES

fields and primes to denote the fluctuating LES fields from the mean.

4. Non-dimensional description

a. Identification of dimensional parameters

The evolution and physical properties of the DWLs in our idealized simulations are affected by a
number of external dimensional parameters, imposed by the atmospheric forcing and the properties
of the surface wave field. The former includes the constant wind stress, quantified here with the
help of the friction velocity u.. (or, equivalently, the wind speed U{g), and the parameters describing
the idealized buoyancy forcing shown in Fig. 1: the maximum total buoyancy flux at midday, Bpax,
the (constant) buoyancy loss at the surface By, the heating period 7}, and the period of the periodic
forcing T),. Further, the additional length scale 7, describing the short-wave penetration depth
according to (5), becomes relevant unless the simplifying assumption is made that all radiation is
directly absorbed at the surface.

The surface wave field affects the problem primarily through the Stokes drift velocity, u,, that
is assumed to be aligned with the wind speed (and thus vy = 0). This quantity appears in the
momentum equations, (1) and (2), the turbulence shear production terms in (A2) and (A3), and
some more detailed turbulence modeling assumptions described in Appendix Al. Surface wave
properties are represented here by an empirical equilibrium spectrum discussed in Li et al. (2017),
as described in Appendix A2. The resulting profile of the Stokes velocity u,(z), defined in (A14)
and (A17), is determined by two dimensional parameters: the surface Stokes velocity, u?, and a
vertical decay scale that is determined by the peak wave number k, (the same two dimensional
parameters would also appear for the more simple case of monochromatic waves). Note, however,
that in the model of Li et al. (2017) both u? and k, depend on the wind speed through (A11) and
(A12), and therefore do not constitute fully independent dimensional parameters.

Finally, as all model parameters of the turbulence model are non-dimensional, no additional
dimensional parameters are introduced with a single exception. The upper boundary condition for
the turbulent length scale [ in (A10), or the analogous expression for w in the k — w turbulence
model, involves the surface roughness length z( that we consider in the following as an additional

independent parameter.

10
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TaBLE 1. Definition of non-dimensional variables denoted by the " symbol.

u; A ~ A A A A P 7~ T

2= Bom 2 t=Tyt U,V = Ul UV Ug, Vg = Usllg, Us Vg b= Bum:xb k:L‘gk
3 4 4 A
_u 7 _ A _oui b_ _Ui sb _ 7 _rf
_ Bmaxl £=Bmax € Yt = Boax Ut Vi = Baw Ut I, = BmaxIp f= T,

b. Identification of non-dimensional parameters

The most relevant velocity scale in our problem is the wind speed Ujo or, equivalently, the
friction velocity u, = (Cyp,/ po)%U 10, which can be used to define the Monin-Obukhov scale,
Lyo = u3/Bmax, as a relevant length scale. If we choose, in addition to these velocity and
length scales, the heating period, 7}, as the relevant time scale, we can non-dimensionalize the
key variables of our problem (see Tab. 1), and derive non-dimensional versions of the transport
equations of momentum and buoyancy in (1)-(3).

From the non-dimensional transport equations, it is straightforward to identify two key non-
dimensional parameters of the problem. The first is the non-dimensional Coriolis parameter,

f=fT,=2nT, /Ty, which measures the ratio of the heating period and the inertial period, Ty. The

second parameter,

u?

R=——, (18)
Tthax

compares the destabilizing effect of the wind stress, u2, to the stabilizing effect of the total buoyancy
supply during the heating period (which is proportional to 7j, Bmax). For simplicity, we ignore the
molecular transport terms in (1)-(3) for our dimensional analysis, as their effect is only marginal
in our simulations.

Additionally, the buoyancy flux ratio, Bo/Bmax, and the timescale ratio, 75,/T,, appear as in-
dependent non-dimensional parameters in our model for the buoyancy forcing. As mentioned in
Section 2b above, in many of our simulations, we will use the additional constraint that the daily

average of the total net buoyancy flux equals to zero. In this case, combining (10) and (11) yields

T,
—h:zﬁarccos EQ , (19)
T, nT, nT,

revealing a direct one-to-one relation between the timescale ratios 7 /T, and T;/T,. For the

tropical value of the daylight ratio, 7, /T, = 0.5, we find By/Bmax = —0.467 and T}, /T,, = 0.4 from

11
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(11) and (19), respectively, suggesting that the heating period can be substantially smaller than
the daylight period. The final non-dimensional parameter associated with the buoyancy forcing
is the non-dimensional decay length scale, 7 =17/ L 0, introduced via the simple light absorption
model in (5). Assuming that all short-wave radiation is absorbed at the surface, as in many of the
examples studied below, the dependence on this non-dimensional parameter vanishes.

Finally, if the non-dimensional Stokes velocity iy = u;/u. is computed from (A17), the Langmuir
number La = (u../ u?)% and the non-dimensional peak wave number & » = kpLmo appear in (A14) as

additional non-dimensional products characterizing the surface wave forcing. However, from the

2

quadratic drag law, u2 = Cy(pa/po)U 10’

and the expression for the surface Stokes driftin (A11), we
find La = (p, Cd)flt/ ( pocf)% ~ (.3, suggesting that La is fixed at a value typical for an equilibrium
wave field. Similarly, it can be shown from (A11) and (A12) that 12,, oc guty/ Bmax, suggesting
gu./ Bmax as an additional non-dimensional parameter that can be interpreted as the ratio of Lyio
and the peak wave length, or, equivalently, the vertical Stokes decay scale. However, it turns out
that the effect of this parameter is difficult to study independently in practice. At a fixed g, and
keeping other parameters like R and f constant, it is easy to show that & p can only be varied by
changing u../ Bmax While keeping u2/Bmax & R constant. This is possible only over a very restricted
parameter range if the non-dimensional solutions are to represent a physically relevant situation
(see below).

As mentioned above, the only dimensional parameter arising from the turbulence model is
the surface roughness length, zg, that transforms into the non-dimensional roughness parameter
Zo = zo/ Lmo- Physically, z represents the length scale of turbulence at the surface. This parameter
is not well constrained but, as shown below, many of our results turned out to be insensitive with
respect to changes in 2.

All non-dimensional parameters present in this study are summarized in Table 2. We carefully
checked that different numerical solutions indeed collapse if all non-dimensional parameters are

kept constant and all variables are non-dimensionalized as in Tab. 1.

5. Model validation

To evaluate the performance of the different second-moment closure models used in our study,

we compare them to our LES results for some typical DWL scenarios. Both types of models are

12
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TaBLE 2. The non-dimensional parameters. Note that the variability of some parameters appearing in brackets

is restricted on our model.

? p Ty By

— Uy — Zh

= 0B = STh T, B
A _ 2 A 7 _ 7 SUx
o= A=rls  (1a=03) (K« f)

driven with identical atmospheric and buoyancy forcing and use the same parametric surface-wave
model, described in Appendix A2, to compute the Stokes velocities.

The three different versions of the second-moment models, described in detail in Section 3 and
Appendix Al, are: (a) the full model of H15, which represents LT effects in both the stability
functions and the transport equations for k£ and k/ through the additional Stokes production term
P in (A1) and (A4), respectively; (b) the model of KC04, which only considers the additional
Stokes production terms in the transport equations but ignores the impact of LT on the stability
functions; and (c) the model of Kantha and Clayson (1994), which ignores LT effects entirely.
Recall that the models of H15 and KC04 converge to the model of Kantha and Clayson (1994) for
the special case of zero Stokes drift (1, = 0), which allows for a clear separation of LT effects from
other modeling components. To compute the turbulent length scale /, we used an extended version
of the Mellor-Yamada equation for k/ for all of the following simulations but we will also include
a short comparison with a modified version of the k-w model in the supplementary material (see
detailed description in Appendix Al).

All second-order moment model runs were conducted with a modified version of the General
Ocean Turbulence Model (GOTM), described in detail in Umlauf et al. (2005). The time step
for these simulations was set to 6 s, and a 50 m deep water column was resolved with 500 grid
cells with a resolution of 0.015 m at the surface, gradually decreasing towards the bottom. These
parameters were found to ensure numerical convergence and exclude any impact of the lower edge
of the domain on the DWL properties.

For all these simulations, we use a peak solar heat flux of Iry,x =400 W m~2 at noon, and assume,
for simplicity, that the non-solar heat flux vanishes (Byp = 0) and that all short wave radiation is
absorbed at the surface (7 = 0). The heating period is T;, = T; = 12 h at a tropical latitude of 10°N

(corresponding to f =2.53-107> 57!

2

and a local inertial period of Ty = 69.1 h). A constant wind

stress of 70 =2-107 m? s2 (u, =4.4-1072 m s7') is applied, equivalent to a wind speed of

13
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Up=3.1ms™! (light breeze) for the constant C; mentioned above (in all our simulations T)(,) =0).
To save computational resources for the LES, the simulations start at 05:00 in the morning (one
hour before the start of the buoyancy forcing) rather than at midnight. The second-moment model
starts at midnight, but, for better comparison with the LES, the wind was not turned on until
05:00 in the morning. Note that in all the other sections, the wind starts at the beginning of the
simulations, i.e at midnight.

The horizontally averaged LES results are shown in Fig. 2, comparing simulations without (#; = 0)
and with LT. In both cases, the buoyancy structure (Fig. 2a,b) shows the evolution of DWLs with
similar characteristics. LT effects are clearly noticeable only in the reduced near-surface buoyancy
in the simulation with wave forcing, which is consistent with the reduced near-surface stratification
due to LT-enhanced mixing (Fig. 2c,d). The Eulerian shear (Fig. 2c,d) in the simulation with LT
deviates from its counterpart with u; = O significantly in the upper 2 m, where the Stokes shear
production P; becomes the dominant source of turbulence (u#; decays to approximately 10% of its
surface value within the uppermost 0.65 m). This effect is also clearly evident in the Richardson
number, Ri = N25~2, which ignores the Stokes shear (Fig. 2e,f).

Figs. 3 and 4 compare the DWL evolution in the LES (with and without LT) and the second-
moment models for four selected points in time (marked in Fig. 2). This comparison shows that the
overall characteristics of the LES are reproduced well by all models: both the DWL thicknesses and
the vertical structures of buoyancy, velocity, and the turbulent momentum flux closely correspond
to those predicted by the LES. Significant differences are largely confined to the upper 1-2 m,
where the LES suggest a strong reduction of stratification and shear due to the effects of LT. For
the period between 12:00 and 15:00, when DWL anomalies are most distinct, the inlay plots in
Fig. 3d,f show that the inclusion of LT effects leads to a significant reduction of the near-surface
shear. The velocity structure in this region is in close agreement with the LES only for H15,
while the model of KCO04 clearly underestimates the additional mixing of momentum due to LT
effects, underlining the importance of the Stokes shear term in (12). For the near-surface buoyancy
profiles (see inlay plots in Fig. 3c,e), differences between the models are less pronounced, and all
tend to underestimate the reduction of near-surface stratification due to LT. Differences between

the simulations with and without LT become especially clear in the gradient Richardson number
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FiG. 2. Evolution of (a,b) buoyancy, (c,d) buoyancy frequency squared, (e,f) total Eulerian shear squared, and
(g,h) gradient Richardson number for a typical DWL scenario without (left) and with LT forcing, respectively.
Shown are horizontally averaged LES results for the forcing parameters discussed in Section 5. Dashed vertical

lines mark the profiles shown in Figs. 3 and 4.

shown in Fig. 4b,d,f,h. The strong near-surface peak of Ri is reflected only by the model of H15
for the entire evolution of the DWL.

It is worth noting that all second-moment models predict virtually identical profiles underneath
the thin near-surface region directly affected by Stokes production. For the LES, this is the case
only for the late-stage DWLs (Fig. 3e-g), while the DWL evolution in the morning and around
noon (Fig. 3a-d) shows weak but significant deviations also below the Stokes layer. This points at
a non-local energy transfer from the Stokes layer towards the deeper regions of the DWL, which is

not represented in the second-moment models.
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Fic. 3. Comparison of LES and GOTM simulations for (a,c,e,g) buoyancy and (b,d,f,h) u-component of the
velocity at the times indicated in Fig. 2. Dashed lines show LES results with (black) and without (gray) LT.
Colored lines correspond to different second-moment models as indicated in the legend. Inlays panels in (c-f)

show enlarged views of the near-surface region.

Overall, we conclude that the performance of the model of H15 is most satisfying, and we will
therefore use this model for most of the following numerical investigations. As shown in the

supplementary material, simulations conducted with a modified version of the k-w model (see

16



[—— LES withIT == LESw/0LT == GOTM KC04 == GOTM H15 == GOTM w/o LT

Z [m]

Z [m]

Z [m]

Z [m]

I
0.4
Ri = N2 §-2

a1 FiG. 4. As in Fig. 3 but now for (a,c,e,g) total (resolved plus subgrid-scale) turbulent momentum flux (u’w’)

a0 and (b,d,f,h) gradient Richardson number Ri.

w0 Appendix Al), using the same stability functions of H15, yields very similar results, providing

w1 some support for the robustness of our results.
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6. DWL energetics

a. Theory

For the analysis of the DWL energetics, it is convenient to define a DWL-averaged buoyancy, b,

and a DWL thickness, &, based on expressions of the form

0 0

bh = / bdz, ¢bh*=- / bzdz . (20)

Zref Zref

where b = b — byt is the DWL buoyancy anomaly, referenced with respect to the buoyancy by at
some reference level z..f below the DWL, and ¢ a shape factor that depends on the vertical structure
of the buoyancy profile. E.g., it can be shown that ¢ = 1/2 and ¢ = 1/3 correspond to the cases of
well-mixed and linearly stratified DWLs, respectively. Reformulating (3) in terms of b, ignoring
the molecular fluxes, and integrating the resulting equation vertically between z..¢ and the surface,

the time derivative of the first relation in (20) can be expressed as

d(bh) d [ - :
(dl‘ ) = a/ bdZ:Bo+12+breeref @D

Zref

which reflects the heat budget of the DWL, expressed in terms of buoyancy. The last term in
(21) accounts for the temporal change in the reference buoyancy. While this term may be relevant
in observations or more complex numerical modeling studies, in our idealized simulations this
term becomes negligible shortly after the DWL has formed, and will therefore be ignored in the
following.

The second expression in (20) is recognized as the potential energy anomaly, £, induced by the
presence of the DWL. Reformulating (3) in terms of b, multiplying the result by z, and integrating

by parts, yields an equation for the evolution of the potential energy anomaly:

_ 0
d d(pbh?) d [ - - 1, ,
aEpot = T = —5/ bZdZ = _/ GdZ - l’llb — Ebrefzref , (22)

Zref Zref
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where we again ignored the molecular fluxes and introduced I, = ! f I,dz. In the derivation
Zref

of (22), we have assumed I}, (Zref) < Ig to insure that our analysis includes the entire near-surface

region with significant radiative heating. Similar to (21), the final term in (22), involving the time
derivative of byr, is found to be negligible in our simulations, and will henceforth be ignored.

Using (21), the energy budget in (22) can thus be re-arranged in the form

_ 0
oh(Bo+I,+—) + ¢@hbw, + ¢bh =—- | Gdz, (23)
@ ~—— S~
_ work required ~ work required to Cref
work required to to mix up change the DWL >
mix down buoyancy entrained fluid buoyancy structure work done
added near surface by turbulence

where we introduced the entrainment velocity w, = 4. The energy budget in (23) states that the
work performed by turbulence against gravity (right hand side) is used to: (a) mix down buoyancy
deposited at or near the surface by the atmospheric and radiative heat fluxes, (b) mix up fluid
entrained at the bottom of the DWL, and (c) change the shape of the buoyancy profile inside the
DWL. The relative importance of these terms will be investigated in more detail below.

Similarly, an equation for the DWL kinetic energy can be obtained by multiplying the momentum
equations in (1) and (2) with u# and v, respectively, adding the results, and integrating from zef to

the surface. Ignoring again the molecular flux terms for simplicity, this yields an energy budget of

the form:
0 0 0
d d [ u?+1? d |uZ +v?
TE=g 3 dz=u0-70+/fk~(u><us)dz—/sz+zref5 [%“f . (24

Zref Zref Zref

where k is the upward unit vector and u® the velocity at the surface. The terms on the right hand
side of (24) can be interpreted as: (a) the work performed by the wind stress on the DWL, (b) the
exchange of kinetic energy with the surface wave field due to the effect of rotation (see, e.g., Suzuki
and Fox-Kemper 2016), and (c) the loss of kinetic energy to TKE by turbulence shear production.
The final term on the right hand side of (24), representing the change in the reference kinetic energy

relative to which the DWL kinetic energy is measured, is again negligible in our simulations.
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The shear production term in (24) connects the DWL kinetic energy to the vertically integrated

TKE equation,
0

0 0 0
—/Gdz:—/l%dz+/(P+Ps)dz—/sdz, (25)

Zref Zref Zref Zref
which is easily derived from (A1). The left hand side of (25) and the right hand side of the potential
energy budget in (23) are identical, showing that the energy required for mixing within the DWL
corresponds to the fraction of the (mean flow and Stokes) shear production that is neither dissipated
nor used to change the DWL integrated TKE. The relative importance of the various terms in the

DWL energy budgets in (23), (24), and (25) will be investigated in the following discussion.

b. Results

To investigate the DWL energy budgets derived above, we compare a typical tropical case at
10°N with a high-latitude DWL at 70°N (Tr = 12.6 h), focusing especially on the effects of rotation
and day length for high-latitude DWLs that have so far received only little attention. For both cases,
we assume typical midsummer values for the peak radiative heat flux, Ijn,x, corresponding to the
different latitudes, respectively (Tab. 3). For the tropical case, as before, the period with non-zero
solar radiation was chosen as T; = 12 h (between 6:00 h and 18:00 h), whereas we assume T; = 18 h
(between 3:00 h and 21:00 h) for the high-latitude case. These values yielded an acceptable
agreement between our simplified solar radiation model in (9) and the realistic variations of the
short wave radiation around midsummer. Numerical tests with a more realistic expression showed
only small differences in the DWL evolution that did not affect any of the conclusions drawn in the
following. Finally, as shown in Fig. 1, we assume that the surface buoyancy loss By due to cooling
at the surface exactly compensates the radiative buoyancy supply over the course of a day, implying
that By and the maximum net buoyancy flux at noon, By, are related according to (11). Tab. 3
shows that the equivalent surface heat loss Qs (or, equivalently, the surface buoyancy loss By) are
comparable in the two cases, implying that also the integrated (in time) radiative heat fluxes are
similar. With these assumptions, the effective heating periods 7, = 9.5 h and 7;, = 12.2 h follow
from (19) for the tropical and high-latitude case, respectively.

To highlight the role of high-latitude effects, the parameters in Tab. 3 were chosen to yield

identical values for the key non-dimensional products that do not include any direct latitudinal
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TaBLE 3. Atmospheric forcing and non-dimensional parameters used for the analysis of the DWL energetics.

Note that R = 0.0015 and Zp = 0.01 are identical for both simulations.

Imax [Wm™2]  Qne [Wm™2]  Ujgoms™  15,/Ty=f/(2n)  Tu/Tp Bo/Bmax kp
10°N 1050 -334 4 0.14 0.4 -0.47 0.16
70°N 680 -325 3.2 0.97 0.51 -0.91 0.26

dependency: R = u?/(BmaxT;) = 0.0015 and 2y = 0.01. As in the previous chapter, all short wave
radiation is assumed to be absorbed at the surface (7 = 0). The main differences for the high-
latitude case, in non-dimensional terms, are thus the much larger - by a factor of 7 - value of the
non-dimensional Coriolis parameter f o T}/ Ty, the larger time scale ratio 75, /T, due to the larger
day length at high latitudes, and, indirectly, the larger non-dimensional peak wave number & p due
to the smaller By,x. Both simulations started at midnight (¢/7y = 0) and were run for 7, =24 h
with the parameters compiled in Tab. 3, using the same numerical grid and time step as in Section
5.

The evolution of the near-surface buoyancy for the two cases is shown in Figs. 5a and 6a. The
DWL thickness, #, as one of the most important bulk parameters, is defined here by a simple density
threshold, identifying the lower edge of the DWL with the vertical position where the buoyancy
has decayed to 5% of its maximum value. Figs. 5a and 6a show that this definition provides a
plausible representation of the vertical extent of the DWL for the two cases summarized in Tab. 3.
It is worth noting that the following alternative approach to define the DWL thickness, based on
the DWL potential energy, yields very similar results, suggesting that our estimates for the DWL
thickness as /(5%) are robust. In this approach, the DWL thickness is computed from the ratio of
the integrals in (20), assuming a constant shape factor of ¢ = 1/3. This value of ¢ corresponds to a
linearly stratified DWL, as typically observed in our simulations (see, e.g., Fig. 3). Note from (20)
that this integral-based approach connects changes in 4 to changes in the vertical position of the
DWL center of mass due to mixing, and therefore has a clear energetic interpretation.

Figs. 5a and 6a show that both definitions yield consistent DWL thicknesses for the core period
between the DWL formation in the morning until approximately 15:00 in the afternoon. In the
later afternoon and evening, (20) tends to overestimate the DWL thickness as the shape factor ¢

tends to be larger than ¢ = 1/3 for the more well-mixed DWLs observed during this period (see
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w20 kinetic energy budget in (25) for the equatorial case at 10°N (Tab. 3). Colored lines in (a) show the DWL
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2 (t/Ty =0), and that both the wind stress and Stokes drift point into the x-direction (TS =0and vy =0).

« Fig. 7b below). The following analysis will therefore be based on the 5% buoyancy threshold. The
@ reference level z.f is chosen to coincide with the location of the minimum buoyancy in the water

« column, and b =b— brer 1s defined based on the reference buoyancy b.¢ found at this depth. This
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Fic. 6. As in Fig. 5 but now for the high latitude case at 70°N (Tab. 3). Note the different scales with respect

to Fig. 5.

definition guarantees that the entire near-surface region affected by radiative heating is included in
our analysis.

Fig. 5b shows the evolution of the kinetic energy budget in (24) for the equatorial case. During the
initial DWL formation phase until approximately early afternoon, the work performed by the wind,
u®- 70, is largely used to accelerate the DWL (see increase in %E x) with a significantly smaller

contribution used for turbulence shear production / Pdz. In the afternoon, entrainment starts
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to become increasingly important (Fig. 5a), and additional energy is thus required to accelerate
entrained fluid. As a consequence, the DWL kinetic energy increases at a slower rate while shear
production becomes the dominant energy sink. After the surface buoyancy forcing collapses in
the late afternoon and evening, the entrainment rate further increases as no more work is required
to mix down buoyant fluid from the surface (see more detailed discussion below). This point is
marked by a sharp transition in the energy budget at approximately 18:00, after which E} remains
constant, and all work performed by the wind is used for turbulence shear production that in
turn becomes available for entrainment. Stokes shear production (Fig. 5¢) dominates turbulence
production during the initial DWL formation phase until approximately noon, while the exchange
of mean kinetic energy with the wave field (marked in green in Fig. 5b) is negligible throughout
the simulations.

For the high-latitude case shown in Fig. 6, the work performed by the surface stress, u” - 7°

x>
starts to be suppressed by the veering of the near-surface velocity out of the wind direction already
shortly after the formation of the DWL. This is reflected in a late-morning peak of the wind energy
input, and a subsequent monotonic decay down to negative values (energy loss) around 15:00 in the
afternoon (Fig. 6b). Therefore, starting from the early afternoon, the pool of DWL kinetic energy
built up during the initial DWL formation in the morning becomes an increasingly important energy
source (%E x < 0) to feed turbulence shear production in the afternoon. Comparison with Fig. 5
shows that due to these effects, the integrated wind work is approximately an order of magnitude
smaller compared to the equatorial case, which cannot be explained by the slightly smaller wind
stress for the high-latitude case alone (see Tab. 3). Due to the overall strongly reduced energy
turnover, the extraction of energy from the wave field due to Coriolis effects (green line in Fig. 6b)
becomes significant in the mean kinetic energy budget, and Stokes shear production becomes the
dominant term in the TKE budget (blue line in Fig. 6¢), despite the fact that Pg is only approximately
half as large as in the equatorial case. The net effect of the reduced turbulence production due to
rotation is a complete collapse of entrainment almost immediately after the DWL formation in the
early morning (green curve in Fig. 6a).

It is worth noting that in simulations without wave effects (not shown), the lacking Stokes shear
production Py is compensated, or even exceeded, by increased Eulerian shear production P in both

the equatorial and the high-latitude cases. Reduced near-surface mixing of momentum in these
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0, compensating

cases (see Fig. 3) leads to larger surface speeds and in turn larger wind work, u® -
for the lacking energy input from the waves. Although this shift in the primary energy source
constitutes a strong modification of the energy budgets, the overall effect on DWL kinetic energy,
entrainment, and bulk parameters is surprisingly moderate, as shown in more detail in Section 7.
To investigate to which extent the strong surface buoyancy forcing and the stratification inside
the DWL affect the energetics of turbulence, we computed the Ozmidov scale, Lp = (¢/N 3)1/ 2

as a measure of the vertical size of turbulent overturns. Consistent with the DWL observations
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of Hughes et al. (2020b) for light and moderate winds (see their Fig. 6), we find typical values of
Lo =0.1-1 m, suggesting that stratification rather than the proximity to the surface controls the
vertical scale of turbulent motions except very close to the surface. Combined with the large values

of Ri throughout the DWL (e.g., Fig. 4), we expect mixing inside the DWL to be quite efficient.

0 0
This is confirmed by the large values of the bulk flux coefficient, I" = — / Gdz/ / &dz, that we see

Zref Zref

in all our simulations. While we typically find I' =0.15 - 0.2, close to the popularly used value of
I' = 0.2, in our simulations without LT, the inclusion of Langmuir effects yields significantly larger
values up to I" = 0.3 as shown in Fig. 7a. This result is consistent with our LES (not shown).

The different contributions to the potential energy budget in (23) for the tropical and high-latitude
cases are compared in Fig. 7c and Fig. 7d, respectively. During the morning and early afternoon,
in both cases, by far the largest fraction of the work performed by turbulence against gravity is
used to mix near-surface buoyant fluid. The dominance of this term is especially pronounced in the
high-latitude case, where entrainment is small after the initial DWL formation phase. Entrainment
starts to dominate the energy budget for the tropical case around 15:00, whereas, for the high-
latitude case, entrainment never provides a significant contribution except for a short period around
sunset. It should be noted that the overall potential energy turnover is a factor 2-3 smaller for the
high-latitude case due to the limitation of turbulence production by rotation effects, as explained
above.

Beyond the work required for turbulent DWL deepening (entrainment), turbulent mixing may also
act to change the vertical DWL buoyancy structure. The energetic implications of this third type
of energy conversion that has so far not received much attention can be quantified by considering
changes in the shape parameter ¢, which is easily computed from (20) after determining the DWL
thickness 4 from the 5% buoyancy threshold discussed above (see green lines in Figs. 5a and 6a).
Fig. 7b shows that during the morning and early afternoon, this parameter remains close to ¢ = 1/3,
consistent with the observed linear stratification seen in Figs. 3, 5a, 6a, but increases to larger values
at later times, reflecting the tendency towards a more well-mixed DWL due to the decreasing solar
buoyancy forcing. Figs. 7c,d show that the work required for this partial homogenization of the
DWL becomes significant in the afternoon for the tropical case, and clearly exceeds the effect of

entrainment for the high-latitude case.
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7. Parameter-space studies and parameterization

a. Non-dimensional PWP86 model

A frequently used model to describe DWL bulk parameters has been formulated by Price et al.
(1986) (from here on PWP86). These authors used a vertically integrated mixed-layer model with
a simple parameterization for entrainment (Pollard et al. 1973), forced, as in our study, with a
constant wind stress and a surface buoyancy forcing identical to that shown in Fig. 1. Based on a
scale analysis of their model equations, PWP86 suggested simple scaling relations for the DWL

thickness, 4, buoyancy anomaly, b (as defined in (20)), and velocity anomaly, V = \ (@* +7%) with

0 0

1 1
ﬁ:Z/ZZdZ, szfﬁdz (26)

Zref Zref

and @ = u — uef, V =V — Vef, all evaluated at the peak buoyancy flux (i.e., at noon). Converted to
the notation used in our study, and expressed in non-dimensional form, these scaling relations can

be written as:

n h n

h=——=a;-R"'V?F(f), (27)
Lyo

2 bu, .

b= =gy RVPF(f)T, (28)
Bmax

Vel r12, (29)
U

where aj, as, and a3 denote non-dimensional model constants, and F' a non-dimensional model

function defined as

F(f)= % [2—200s(f/2)]% . (30)

Note that only two of the non-dimensional parameters identified in Sec. 4b, R = u?/(BmaxT}) and

f , appear in the PWP86 model.
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b. Parameter space studies

To test the scaling relations by PWP86, we performed a parameter space study in which we
varied R from 10~ to 102 and f from 0 to 4.95 (or, equivalently, 7}, /Ty from 0 to 0.79). In total,
we performed 200 model runs with the same time step and the same number of grid cells as in
Sections 5 and 6. However, the depth of the water column was now automatically adjusted to 10
times the DWL thickness at midday to insure that the lower edge of the numerical domain had no
significant impact on the results.

We especially focused on the model performance in high-latitude regions (7}, /Ty > 0.1), which
are not well explored at the moment and for which the model assumptions of PWP86 are uncertain.
We again assume that all short-wave radiation is absorbed at the surface (77 = 0), and that the daily
average of the total buoyancy flux is zero (Bo/Bmax = —0.466, T),/T, = 0.4). The roughness length
is set to Zop = 0.01. A sensitivity study, discussed in more detail below, shows that the effect of
varying Bo/Bmax, T /T, and Z is small.

In Fig. 8, we show simulation results for the non-dimensional DWL thickness, fz, bulk buoyancy,
i, and bulk velocity \A/ att=T,/2, i.e. at midday. These quantities are normalized by the PWP86
scaling relations in (27), (28), and (29), respectively, to reveal the variability of the model parameters
ai, az, and a3. Fig. 8 shows that the performance of the PWPS86 scaling is generally excellent,
except for a weakly forced regime with R < 7-107* (blue dashed line in Fig. 8), where a strong
variability in the PWP86 model parameters suggests that their scaling fails.

A more detailed analysis showed that turbulent and molecular diffusivities become comparable
in this regime, and that Ri at the DWL base becomes much larger than the critical value for
shear instability, indicating a collapse of turbulent entrainment. It is worth noting that Hughes
et al. (2020a) studied this regime in more detail, based on high-resolution observations and a
1D model with a simpler turbulence closure without LT but similar radiative and atmospheric
forcing parameters. From their simulations, these authors identified a critical wind speed of
Ujp =2 m s~! below which turbulent mixing collapses. This is equivalent to R = 6.6- 1074, and
therefore consistent with the more generally applicable non-dimensional threshold suggested by our
simulations with a more advanced turbulence model that also included Langmuir effects. Overall,

this indicates that due to strong molecular effects, turbulence in this parameter range and can no
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Fic. 8. DWL properties as functions of R = u?/(BmaxT}) and Tj,/ Ty = f/(2x). Shown are midday values of
(a) DWL thickness, (b) DWL bulk buoyancy, and (c) DWL bulk velocity, normalized by the PWP86 scalings in
(27), (28), and (29). This implies that the results shown in (a)-(c) correspond to PWP86 model constants a;. The

blue line shows the critical value of R below which DWL turbulence starts to collapse.

longer reliably be represented by any of the high-Reynolds number turbulence models used in our
study. We therefore don’t investigate this regime any further here.

We determined the model constants a;, a;, and a3z by calculating the mean of the PWP86-scaled
model results shown in Fig. 8 , excluding regions with R < 7-107%. Tab. 4 shows that deviations
from these constant values rarely exceed 10% (with largest deviations observed at large 7},/Ty),
confirming the validity of the PWP86 scaling across the entire parameter range. This is a surprising
result, as some of the model assumptions in PWP86 are not valid any more at high latitudes. It is
worth noting from Tab. 4 that our revised constants suggest a 32% larger DWL thickness, a 39%
smaller DWL buoyancy anomaly, and a 12% faster surface jet at midday compared to the original
model constants of PWP86, which is clearly significant even for rough estimates of the DWL bulk
properties. Only part of these differences can be attributed to the effects of LT not accounted for
in PWP86. Tab. 4 shows that simulations without LT (not discussed in detail here) result in DWLs

that are approximately 10% shallower and have a correspondingly larger buoyancy contrast.
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TaBLE 4. Model constants a;, a; and a3 of the PWP86 model appearing in (27)—(29). The original constants
of PWP86 were converted to our notation according to: aj; = 0.45- 2122063, a, =1.5-273/2=0.53 and
a3 =1.5-2"12=1.06. The factor 1/2 arises from the relation Tj, = 2P, where Py is the heating period in
the notation of PWP86. The ranges given in the table correspond to the maximum deviations across the entire
parameter range. Standard deviations (not shown) are considerably smaller. 7y, is the time of maximum

buoyancy anomaly.

H t=Tp/2 ‘ 1= fmax

H PWP86 with LT without LT ‘ with LT without LT

aj 0.63 0.84+0.07 0.75+0.1 1.08+0.03  1.01+0.05
a 0.53 0.38+0.03 0.42+0.05 | 0.56+0.05 0.59+0.05
as 1.06 1.15+0.15 1.30+£0.2 1.3+0.5 1.3+0.5

The PWP86 scaling relations were originally proposed to predict DWL properties at the solar
radiation peak (t = T,,/2). More relevant for the surface-layer energetics, atmosphere-ocean cou-
pling, and ecosystem applications, are, however, often the DWL properties at peak of the DWL
buoyancy or temperature anomaly in the afternoon. This point during the diurnal cycle cannot be
determined from the PWP86 scaling. We therefore identified the (non-dimensional) time #max/7)
of the maximum buoyancy anomaly numerically from our simulations. Fig. 9a shows that the
DWL buoyancy anomaly peaks between approximately 15:00 and 16:00 (assuming 7}, = 24 h) with
a shift towards later times for larger 7}, /T;. We attribute this shift to the suppression of entrainment
of colder bottom waters due to stronger rotation effects at higher latitudes and/or a larger total
buoyancy flux for larger 7j,. In view of the comparatively weak dependency on R visible in Fig. 9a,

we averaged over the entire range of R to obtain the simple fit shown in Fig. 9b:

7,\16
fmax /T = 0.09 (—h) +0.63, (31)
Ty
which may be useful for a quick computation of #y,,x (recall that ¢/T),, = 0 corresponds to the start
of all simulations at midnight).
Scaling our simulations at ¢ = fn,x With the expressions of PWP86 (see Fig. 10) suggests that
the PWP86 scaling provides an excellent representation of the DWL bulk properties also during

the buoyancy peak in the afternoon, provided the model coefficients a;, a;, and a3z are adjusted
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show the time in hours of the day) and (b) the mean . /7), for R > 7- 10~* as a function of 7},/ Ty.

from their PWP86 values. The values in Tab. 4 show that the DWL thickness and the buoyancy
anomaly have increased by 29% and 47%, respectively, compared to midday, illustrating a strong
modification of the DWL during the early afternoon. The small variability of the model coefficients
in Tab. 4 supports the quality of the fit, except for the near-surface jet, which shows a strong
dependency on T}, /T especially for large values of this parameter (see Fig. 10c). We attribute this
to the effect of the pronounced inertial oscillations at high latitudes that are not well represented
by the scaling of PWP86.

Finally, as shown in Fig. 11, we find that the non-dimensional parameters 73, /T},, Bo/Bmax, 20, and
k p»» ignored so far, have a negligible impact on the non-dimensional DWL thickness h (and also on
the other DWL bulk properties not shown here for brevity). We note, however, that the parameters
Ty /T, and Bo/Bmax may have a larger impact for longer simulation periods of several days, where

they may affect the nighttime DWL reset and thus the quasi-periodic evolution of the surface layer
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Fic. 10. As in Fig. 8, but now for ¢ = tp,y, i.€. the time of the maximum buoyancy anomaly in the afternoon.

structure. Similarly, the peak wavenumber k p may become relevant for non-equilibrium wave
fields, especially for conditions when long-wave swell induces a larger penetration depth of the

Stokes shear.

c. Effect of short-wave absorption

To study the effect of the remaining non-dimensional parameter, the non-dimensional short-wave
penetration depth 7 introduced via (5), we carried out two parameter space studies similar to that
shown in Fig. 8. In these cases, however, we varied R and 7 over the ranges R = 1074 -1072
and 77 = 0-5, at two different latitudes. We chose 7,/Ty = 0.14 and 0.94, corresponding to our
standard tropical and high-latitude cases from Section 6, while keeping the other non-dimensional
parameters constant at 73, /7, = 0.4, Bo/Bmax = —0.466 and Zp = 0.01. Each parameter space again
consists of 200 model runs. Consistent with the destabilizing (with respect to 17 = 0) effect of
penetrating short-wave radiation, we observe an increase of & for increasing #, especially for large
R, while i and ? decrease (the according plots can be found in the supplementary material).

Following PWP86, it appears physically sensible to express the destabilizing effect of increasing
n by the ratio n/h rather than directly by 77 = n/Lyo. We therefore suggest that the observed

increase of the DWL thickness / due to an increase in 7 can be parameterized by multiplying the
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corresponding PWP86 expression in (27) with a function G that depends on 1/ A, or, equivalently,

on //f. In view of the exponential light attenuation, we follow the suggestion of PWP86,

[S][9%}

G(h/f) = (1 —Ane—f‘/ﬁ)_ 32)

with the difference, however, that A, = 6.9 was obtained from fitting (the original pre-factor of

PWP86 did not yield acceptable results).
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TaBLE 5. Model constants ay, a; and a3z at t =T, /2 of the modified PWP86 scaling relations in (33)—(35),

evaluated for two different latitudes.

‘ 10°N 70°N
a; | 0.83+0.14 0.83+0.3
ay | 0.38+0.05 0.38+0.2
asz 1.20+£0.3 1.20+£0.4

The modified PWP86 scaling that includes the effects of absorption is then given as

h=a,-R'F(HG (D), (33)
b=ay RV2F(H) G/, (34)
V=as RV2G (R, (35)

where the model constants a; remain unchanged for consistency with (27)—(29). As h is unknown,
(33) forms an implicit non-linear equation that needs to be solved numerically. Alternatively,
h appearing on the right hand side could be approximated by the original expression in (27),
Tab. 5 shows that maximum deviations from the standard model constants «a;, and thus the model
uncertainties, based on (33)—(35), however, using a DWL thickness that we directly diagnosed from
our model results. The variability of the parameters in Tab. 5 suggest that the model uncertainties
are still acceptable for the tropical cases but strongly increase for the high-latitude simulations.
Furthermore, when / is unknown and instead the scaling in (27) is used in (13), the maximum
deviations become even more severe.

We conclude that a proper scaling for the absorption of short wave radiation and its effects on

DWLs needs future work that is, for now, outside of the scope of this paper.

8. Discussion and conclusions

Based on state-of-the-art second-moment turbulence modeling, and supported by turbulence-
resolving LES, we have shown that LT strongly impacts on the DWL energetics, mainly by
reducing the work performed by the surface stress and partly compensating this effect by Stokes
shear production. The overall impact of this shift in the primary energy source for turbulence on the

DWL bulk parameters, however, turned out to be surprisingly moderate. The simulations in Section

34



650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

7 showed that LT increases the DWL thickness by only 10%, approximately, across a wide parameter
range. We attribute this largely to the equilibrium wave model used in our study (Appendix A2),
predicting only small wave heights and wave lengths for the weak to moderate winds at which
DWLs are observed. Although equilibrium wave fields are typical in many situations, it is worth
noting that previous LES studies with monochromatic non-equilibrium waves, focusing on swell
effects (Kukulka et al. 2013), have shown a stronger impact of LT on DWL properties. It would
therefore be worthwhile to explore the performance of the second-moment models used in our study
also in this parameter range, and to understand how the observed effects can be parameterized in
terms of the non-dimensional wave parameters La and k p identified in Section 4.

Dimensional analysis and the parameter space studies in Section 7 showed that the most rel-
evant non-dimensional parameters among those compiled in Tab. 2 are: the stability parameter
R = u?/(BmaxT}), the time scale ratio T}/ Ty, and, for penetrating short-wave radiation, the non-
dimensional absorption scale 7j = /L. Parameterizations that do not independently account
for these parameters are unlikely to be generally applicable. One example is the recent DWL
parameterization of Wang et al. (2023), who, for constant La, suggested a dependency on the single
non-dimensional parameter By o (fR)~!, which is unlikely to hold outside the range of latitudes
and optical water properties for which their model was calibrated.

As shown in Section 7, however, the three key parameters identified above do appear inde-
pendently in the frequently used DWL scaling relations of PWP86. We showed that their model
reliably predicts the most important DWL bulk parameters across a wide parameter range, provided
that their model constants a1, a», and a3 are significantly revised as summarized in Tabs. 4 and
5. One caveat, however, applies to the low-energy regime with R = u?/(BmaxTj) < 7- 107, where
molecular effects become important, and the high-Reynolds number models and parameterizations
used in this study are no longer applicable. Direct Numerical Simulations appear to be the only
viable approach to explore this parameter range, which is relevant especially for very thin DWLs
with weak wind forcing and strong buoyancy forcing.

The excellent performance of the simple PWP86 scaling relations was a somewhat unexpected
result as our parameter space also included high-latitude DWLs for which some of the PWP86
modeling assumptions formally break down. In view of increasing ice-free areas at high latitudes

and strong DWL temperature anomalies already observed at high latitudes (Jia et al. 2023; Eastwood
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et al. 2011), it is likely that the physics of these DWLs (e.g., Sutherland et al. 2016) will receive
increased attention in the future. Finally, we would like to note that DWL bulk parameters predicted
by the model of KC04 were nearly indistinguishable from those of HC15, despite significant
differences found in the DWL energetics. From a practical point of view, and for the special case
of equilibrium wave fields considered here, it is therefore possible to work with the less complex

model of KC04, which, e.g., avoids the introduction of a second (Stokes) diffusivity in (12).
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APPENDIX

Al. Second-Moment Turbulence Model

The turbulent kinetic energy, k, required to evaluate the expressions for the turbulent diffusivities

in (14) is computed from a well-known transport equation of the form:

ok
E:Dk+P+Ps+G—g, (AD)

generalized here to also account for the effects of Langmuir turbulence (LT). Here, Dy denotes the
divergence of the total vertical flux of TKE, G the turbulent buoyancy flux defined in (13), and
¢ the turbulence dissipation rate. P and P are the Eulerian and Stokes shear production terms

defined as (Harcourt 2013, 2015):

0 0
P= —(u’w’)a—z - (v’w')a—: =v,S2+v582, (A2)
0 0
Py=—(u'w") (;;s VAT av; =v,S2 41582, (A3)

using the definitions in (15) for the vertical shear terms. For second-moment models that ignore
the direct effects of Stokes shear on the stability functions (e.g., KC04), we have V,S =0, and the

above expressions simplify accordingly.
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Following work by KC04 and H15 on the parameterization of LT effects on the turbulent length
scale, /, we compute this quantity from a modified Mellor-Yamada-type transport equation for the
variable kl. Theses authors suggested to include an extra Stokes production term, analogous to
the TKE budget in (A1), in the original k/-equation of Mellor and Yamada (1982), leading to an

expression of the form:

% =D;+Il(cnP+ciuPs+ci3G—cpFe), (A4)
where the wall function F = 1+cp (é)z (here, « is the von Karman constant and L, the distance
from the surface) is required to reproduce the logarithmic wall layer distribution close to the
surface. D; summarizes the vertical transport terms, and ¢;;—c;4 and cr denote non-dimensional
model constants (or functions) discussed in more detail below. Note that the k/-equation in (A4) is
expressed here in the notation of the ’generic length scale” (GLS) framework (Umlauf and Burchard
2003) for easier comparison with other model equations. The conversion relations between our
notation and that originally used by KC04 and H15 are summarized in Tab. Al. The stability
functions appearing in (14) are related to their equivalents in Mellor-Yamada notation (see H15) as
cu=2"28y, c§ =21283, and b, = 21125

As an alternative to the transport equation for k/ in (A4), we also computed some of the solutions
based on the k-w model by Umlauf et al. (2003), solving (A1) combined with an equation of the
form

0
a_‘: =D,+ % (CwlP+Cw4Ps+ca)3G _Ca)ZS) s (AS)

where w denotes an inverse turbulence time scale defined as
w= (cg)_“sk_1 . (A6)

Similar to (A4), the transport equation for w in (AS5) includes a Stokes production term recently
suggested by Yu et al. (2022) to account for LT effects. D, denotes again the turbulent transport

terms, and c,1—c,4 are non-dimensional model constants (see Tab. Al).
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The transport terms Dy, D;, and D, appearing in (A1), (A4), and (AS), respectively, are modeled
by down-gradient expressions:

o ( Lok o ( okl 9 (0w
D=2 (w2 p =2 (%) p, =2 (022) . A7
“7 oz (Vt 6z) T a7 (vt (9z) ’ 9z (Vt 8Z) (A7)

k

1 1 1 . . el
where v} = cﬁkil , vf = ci,kfl and vy’ = c‘/jkil , are turbulent diffusivities, and ¢

1 w
w Cuo and cy the

corresponding stability functions.

The model parameters ¢;; and ¢, and similarly c,,; and ¢, for the k-w model (all compiled in
Tab. A1) are well constrained by classical data for unstratified shear layers and decaying turbulence
(e.g., Umlauf and Burchard 2003). The parameters c;3 and c, 3 are essential for this study as they
determine the entrainment rate in stratified turbulent boundary layers. Their values follow from a
condition on the so-scalled steady-state Richardson number, Ri;, corresponding to the value of the
Richardson number Ri in the entrainment layer at the base of the turbulent surface layer (Umlauf
and Burchard 2005). Here, we use Ri; = 0.23 (the maximum value permitted by the stability
functions of KC04 and H15), yielding the c;3 and c¢,3 shown in Tab. Al. Note that ¢;3 =2.4
corresponds to E3 = 4.8 in Mellor-Yamada notation, which is close to the value E3 = 5.0 used by
H15. We also follow the suggestion by H15 to limit the vertical length scale by the Ozmidov scale,
Lo = (eN73)!/2, as originally suggested by Galperin et al. (1988), noting, however, that this only
marginally changes the results. For the wall model constant ¢ (or E4 in the notation of KC04 and
H15), we follow Harcourt (2013), who suggested E4 = 1.33(1+0.5La"2)!/3 = 2.9 with a Langmuir
number of La = 0.3 to account for the modified near-surface slope of the turbulent length scale
due to LT (La is defined in Appendix A2). For our simulations without LT effects, this expression
reduces to the traditional value E4 = 1.33.

The most important model parameters in (A4) and (AS5) in the context of LT are those multiplying
the Stokes shear production terms, respectively. For the k/-equation, we adopt H15’s value E¢ = 6,
corresponding to ¢;4 = 3 in GLS notation (Tab. A1). Note that this value is close to the revised
E¢ =7.2 obtained from comparison to field measurements (see Kantha et al. 2010) of KC04. For
the k-w model, we follow Yu et al. (2022) and choose ¢4 = 0.15.

As in the original model of Kantha and Clayson (1994) without LT effects, also in KCO04, the

stability functions for the transport terms in (A7) reduce to constants. KC04 suggested S;/S, =3.7
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TaBLE Al. Non-dimensional model constants as in (A1), (A4) and (A5).

GLS notation KC04 and H15 notation w

o 0.9 E| =2¢c 1.8 col | 055
cnp | 05 Ey=2c) 1.0 cw2 | 0.83
i 2.4 E3=2c3 48 || cu3- | 052
ca | 30 Eg=2c4 6.0 Cws | 015
CF 1.45 E4=2cF 2.9

ck | 028 Sg=2""2ck | 02° i

cl, | 028 S =2712¢], 0.2* t

¢ | 055 | By =232 | 166 || b | 055

*: Only for KC04. For H15, these change according to (A8)

+: cﬁ"“ =cp/ Tk, With o ¢, =2.0

but, similar to Harcourt (2013), we find that S; = §, = 0.2 is more in line with the LES results. For

H15, the stability functions are defined as
S, =S1=[0.22+(0.415)%]"2, (A8)

to account for the enhanced transport due to LT (here, Sy is the stability function for the turbulent
diffusivity of heat, cz in our notation). For the k-w model, the stability functions cfl and cl“j are
chosen proportional to ¢, (see Umlauf et al. 2003) with constant proportionality factors expressed
in terms of the turbulent Schmidt numbers o and o, (see Tab. Al).

Finally, we use the following boundary conditions for (A1) and (A4):

u*? ok

= z=0 —=0 at z=-o0 (A9)
(c9)? 9z
okl

l=«kzop at z=0 |, 6_:0 at z=-o00, (A10)
Z

where zg is the surface roughness length. For the upper boundary, these boundary conditions
follow from the classical law-of-the-wall relations (see Umlauf and Burchard 2005).

It is important to note that for the case of vanishing surface-wave forcing u; = vy = 0 the models
of both KC04 and H15 reduce to the original model of Kantha and Clayson (1994), except for some

minor differences in some of the model constants.
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A2. Empirical Wave Model

Surface wave parameters in our study are computed from the “Theory Wave” approach of Li
et al. (2017), which summarized the state-of-the-art surface-wave modeling components used in
their method. In this model, the surface Stokes drift velocity, u(s), and the Stokes transport, Vy, are

estimated from expressions of the form

3
W =cUy, Vi=Cy—2, (A11)

8
where Ujg denotes the 10-m wind speed, and ¢y =0.016 and Cy =2.56 - 1073 are non-dimensional
model constants (note that the wind and thus the Stokes velocity always point into the x-direction
in our simulations).
The spectral peak wave number, k ,, and the peak wave number including wave spreading effects,
k;‘,, in the model of Li et al. (2017) are
0

ky ~0. 176b‘t/—s .k, =2.56k, . (A12)

N

Based on a simple model spectrum, Li et al. (2017) showed that the vertically averaged Stokes

velocity,

_ 1o
us:_/ ugdz”, (A13)
Z

Z

can be described in the following form:

0.151 0.0591
ﬁszug{0.715+( . —0.840)[l—Tl(kp,z)]—(0.840+ 0 )Tz(kp,z)
p< p<
(A14)
0.0632 . 0.0946
+ — +0.125) [1 =T (k},,z)] +{0.125+ — Tz(k*,z)}
PZ kpZ
where
Ti(kp,z) = 2ekr* (A15)
TIy(ky,2) = ,/anp|z|erfc(,/2kp|z|). (A16)
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From (A13), it is clear that the local Stokes velocity follows from

_8ﬁsz
0z

(A17)

Us =

which we use to compute the Stokes shear (15) .
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