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ABSTRACT: The marine atmospheric boundary layer (ABL) and oceanic boundary layer (OBL) are a two-way coupled
system. At the ocean surface, the ABL and OBL share surface fluxes of momentum and buoyancy that incorporate varia-
tions in sea surface temperature (SST) and currents. To investigate the interactions, a coupled ABL–OBL large-eddy simu-
lation (LES) code is developed and exercised over a range of atmospheric stability. At each time step, the coupling
algorithm passes oceanic currents and SST to the atmospheric LES, which in turn computes surface momentum, tempera-
ture, and humidity fluxes driving the oceanic LES. Equations for each medium are time advanced using the same time step
but utilize different grid resolutions: the horizontal grid resolution in the ocean is approximately four times finer, e.g.,
(Dxo, Dxa) 5 (1.22, 4.88) m. Interpolation and anterpolation (its adjoint) routines connect the atmosphere and ocean sur-
face layers. In the simplest setup of a statistically horizontally homogeneous flow, the largest scale ABL turbulent shear-
convective rolls leave an imprint on the OBL currents in the upper layers. This result is shown by comparing simulations that
use coupling rules that are applied either instantaneously at every x–y grid point or averaged across an x–y plane. The span-
wise scale of the ABL turbulence is ;1000 m, while the depth of the OBL is ;20 m. In these homogeneous, fully coupled
cases, the large-scale spatially intermittent turbulent structures in the ABL modulate SST, currents, and the connecting mo-
mentum and buoyancy fluxes, but the mean profiles in each medium are only slightly different.
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1. Introduction

The marine atmospheric boundary layer (ABL) and oceanic
boundary layer (OBL) are a coupled system with two-way feed-
backs with unknown dependencies on the horizontal hetero-
geneity of the oceanic surface. The coupling in the oceanic
submesoscale regime 0.1, Lx , 10 km and smaller is an active
research topic as discussed in recent reviews (McWilliams 2016,
2021; Taylor and Thompson 2023). The submesoscale regime
features density fronts, filaments, and vortices (i.e., eddies) with
lifetimes of hours to days, and “submesoscale turbulence” is
readily observed in sun glitter (e.g., Munk et al. 2000) and in
ocean simulations utilizing nested grids (e.g., Gula et al. 2014;
Renault et al. 2019). The submesoscale oceanic dynamics ex-
periment (S-MODE), conducted off the Northern California
coast, is a recent attempt to utilize new observational systems
to examine the interaction of submesoscale turbulence and
the lower atmosphere (Farrar et al. 2020; Wineteer et al.
2024). Investigations of submesoscale turbulence have also
fostered renewed interest in ABL–OBL coupling in nomi-
nally “horizontally homogeneous” oceanic surfaces, i.e., in
the absence of submesoscale oceanic features and in particu-
lar ask the question under what conditions can atmospheric
turbulence leave an imprint on the upper ocean or vice versa.
Our emphasis is the coupling of shear-convective turbulence
in the ABL with the OBL as found in large-eddy simulation
(LES). This is a natural first question before moving into the

heterogeneous submesoscale coupling regimes (e.g., Sullivan
et al. 2020, 2021; Sullivan and McWilliams 2022).

To provide background for our study, we briefly review
important characteristics of the stratified ABL and OBL that
motivate our study of a coupled ABL–OBL system. Over land,
the ABL coherent structures vary from convective plumes to
turbulent “shear-convective rolls” (SCRs), to hairpin vortices,
and to stably stratified temperature fronts (Sullivan et al. 2016)
depending on the stability parameter2h/L, where h is the ABL
depth and L is the surface layer Monin–Obukhov stability
parameter:

L 52
u3*

bkQy ,*

: (1)

The term u* is the friction velocity, b 5 g/uo is the buoyancy
parameter with g gravity and uo is the still air potential tem-
perature, k 5 0.4 is the von Kármán constant, and Qy ,*

is the
virtual potential temperature flux.

In the free convection limit 2h/L " ‘ (Schmidt and
Schumann 1989), the length and velocity scales of the ca-
nonical ABL are (h, w*), where the Deardorff (1970) con-
vective velocity scale is w3

* 5 bhQy ,*
. In the shear-driven limit

2h/L " 0 with zero surface temperature flux Qy ,*
5 0, the

relevant scales become (h, u*) (Moeng and Sullivan 1994).
There have been numerous studies of the so-called weakly
convective shear ABL between these two limits. The studies
over land use LES (e.g., Deardorff 1972; Moeng and Sullivan
1994; Conzemius and Fedorovich 2006; Salesky et al. 2017;
Jayaraman and Brasseur 2021) and observations (e.g., LeMone
1973; Kristovich 1993; Weckwerth et al. 1997; Chen et al. 2001;Corresponding author: Peter P. Sullivan, pps@ucar.edu
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Alcayaga et al. 2022)}for reviews, see Weckwerth et al.
(1997) and Salesky et al. (2017). Over a wide range of 2h/L in
the weakly convective shear regime, buoyancy dominates and
the relevant velocity scale is primarily w*. In the weakly con-
vective shear regime, the dominant turbulent structures are
narrow in width streaks near the surface that merge upward
in the ABL into elongated shear-convective rolls or shear-
convective turbulence. In the middle and upper ABL, the
primary axis of SCR is aligned with the mean wind direction
with a much narrower y spacing (Moeng and Sullivan 1994;
Salesky et al. 2017). SCRs are ABL depth filling structures
with a streamwise extent that approaches the mesoscale
(Alcayaga et al. 2022). A sudden transition in the coherence of
the shear-convective rolls appears to occur near 2h/L ’ 0.43
(Jayaraman and Brasseur 2021). Over the ocean, the near-
surface longitudinal length scale of surface streaks is observed
to be very long, e.g., O(100) km in gale force winds (see Fig. 1
Chen et al. 2001). At large values of 2h/L . 10, the SCRs
merge into closed cells, supporting convective plumes; com-
pared to the SCR, the convective plumes propagate slowly in
the horizontal directions. The SCRs are important as they are
long lived in the ABL and then can couple with the OBL.

The nighttime unstable OBL in a weakly convective shear
regime is usually viewed as a shear-driven layer with the effect
of surface waves modeled primarily using a surface roughness
zo. The parameterization of oceanic surface fluxes can include
a host of wave boundary layer effects, e.g., spray, bubbles,
wave breaking, surface currents, misaligned wind and wave
fields, thermal cool skin, radiation, diurnal warm layers, and
remotely generated swell (e.g., see Fairall et al. 1996, 2003;
Edson et al. 2007; Hanley et al. 2010; Sullivan andMcWilliams
2018; Wong and Minnett 2018; Richter et al. 2019; Cronin
et al. 2019; Mazella et al. 2024). Many of these near surface
effects are subgrid-scale in LES, and most are not considered
here. Surface waves are, however, particularly important to
OBL mixing under both unstable and stable forcing as they
generate Langmuir cells; this effect is modeled using the as-
ymptotic theory of fast waves on slow currents first devel-
oped by Leibovich (1983). The OBL mixed regime of shear,
buoyancy, and surface waves is referred to as Langmuir tur-
bulence (LT) and is a frequent topic of LES and observa-
tional studies (e.g., McWilliams et al. 1997; Harcourt and
D’Asaro 2008; Sullivan and McWilliams 2010; Kukulka et al.
2010; Belcher et al. 2012; Hamlington et al. 2014; D’Asaro
et al. 2014; Sullivan and McWilliams 2019, 2024). The oce-
anic thermal (cool) skin layer with thickness a fraction of a
millimeter determines the sea surface temperature (SST) and
interfacial heat fluxes but cannot be resolved by practical LES
grids.

To examine the ABL–OBL in horizontally homogeneous
conditions and the role of coherent structures in the inter-
action dynamics, we utilize a newly developed coupled LES
code that simulates both marine boundary layers simulta-
neously using the same time step but with different grid resolu-
tions. Recently, Brilouet et al. (2021, 2024) considered a case
study of the evolution of diurnal warm layers in the DYNAMO
field campaign (Moum et al. 2014) using a partially coupled
ABL–OBL model; their model uses LES in the ABL coupled

to a single column 1D oceanic mixed layer model. Also, our
coupled ABL–OBL differs from free-surface simulations where
the overlying atmosphere is neglected (e.g., Shen and Yue
2001), ABL simulations with a moving wave field (e.g., Sullivan
et al. 2014), coupled air–water simulations carried out in small
domains using direct numerical simulations (e.g., Fulgosi et al.
2003), coupling schemes that only utilize single column 1D
boundary layer models (e.g., Harris et al. 1996), and mesoscale
simulations that couple 1D boundary layer models in large hori-
zontal domains (e.g., Perlin et al. 2014).

The outline of the manuscript is as follows. The coupled
LES is briefly described in section 2, section 3 describes the
LES experiments, the results are discussed in section 4, and
section 5 provides the conclusions from the work.

2. Large-eddy simulation

The dynamics of the atmospheric and oceanic boundary layers
are assumed to be described by a conventional LES model for a
high-Reynolds number Boussinesq flow with system rotation, for
example, see Moeng (1984), McWilliams et al. (1997), Sullivan
et al. (2007), and Sullivan and Patton (2011) for ABL and OBL
descriptions of the code. The LES model includes transport
equations for the following: momentum ru, with r being the
fluid density and u being the velocity vector, temperature u,
specific humidity q, and subgrid-scale (SGS) energy e. The
divergence-free (incompressible) condition determines the el-
liptic pressure variable p 5 p/r. The wind and current vectors
u ; ui 5 (u, y , w) are aligned with the Cartesian coordinates
x ; xi 5 (x, y, z); these directions are also referred to as
(streamwise, spanwise vertical) directions in the narrative.
The rotation vector is f 5 (0, 0, f), with f being the Coriolis
parameter. Buoyancy in the vertical velocity equation is defined
in terms of temperature assuming a linear equation of state
b 5 b(uy 2 uo), where b is the buoyancy parameter chosen
for air or seawater. The virtual potential temperature in the
ABL (e.g., Wyngaard 2010, p. 183),

uy 5 u(1 1 0:61q), (2)

is used in the ABL buoyancy term, where u is the potential
temperature in units of kelvins and q is the specific humidity
ratio, i.e., the mass of water vapor to the total mass of air. In
the ABL, the buoyancy term in the SGS energy equation (Moeng
and Sullivan 2015) is parameterized following Deardorff (1980)
and Heus et al. (2010).

Virtual potential temperature uy is used in the atmospheric
Monin–Obukhov (MO) surface layer routine that evaluates
surface fluxes dependent on the stability parameter z/L. The
MO iteration begins assuming a saturated sea surface q 5 qsat
(e.g., Stull 1988, p. 276) and along with SST extrapolated from
the OBL interior computes surface uy (z5 0) from (2). The it-
eration with oceanic currents uo, yo extrapolated from the first
OBL model level, along with horizontal winds and tempera-
ture at the first ABL model level u, y , u, generates surface
momentum fluxes tuw, tyw in the x, y directions, sensible tem-
perature flux Q*, and latent humidity flux q* using bulk for-
mulas. The OBL surface momentum and heat fluxes are
matched to the ABL values:
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rtuw
∣∣
o 5 rtuw

∣∣
a, (3a)

rtyw
∣∣
o 5 rtyw

∣∣
a, (3b)

rCpQ*

∣∣
o 5 rCpQ*

∣∣
a 1 rLeq*

∣∣
a, (3c)

where |o and |a denote the ocean and atmosphere, respec-
tively. In (3), r, Cp, and Le are the density and specific heat in
the ABL and OBL and latent heat of vaporization in the
ABL, respectively. The ABL and OBL friction velocities are de-
fined from u*|a 5

��������|ta|/ra
√

and u*|o 5
��������|to|/ro

√
, where the vector

magnitude in the ABL or OBL is |t|5 t2uw 1 t2yw. The OBL
temperature flux is Q*|o, and the ABL surface virtual potential
temperature flux Qy ,* 5Q* 1 0:61uq*. The fluxes computed
from (3) are spectrally interpolated in x–y across the water sur-
face, and then, the LES equations in the ABL and OBL are sep-
arately integrated forward in time using the same time step. The
use of Monin–Obukhov similarity to compute the surface fluxes
is described in section 3.

At the present time, the air–water interface is flat, i.e., there
are no resolved surface waves in the simulations. The ABL
LES model adopts u, q as conserved variables and assumes
unsaturated conditions (no clouds). The OBL LES model in-
cludes phase-averaged wave–current interactions as described
in Leibovich (1983), McWilliams et al. (1997), and Sullivan
et al. (2007, 2012). These are incompressible Boussinesq equa-
tions that use the original vortex force formulation with the
vortex force us 3 v contributing to all three resolved momen-
tum equations, where us is the Stokes drift vector and v is the
resolved vorticity. Suzuki and Fox-Kemper (2016) describe al-
ternative but equivalent forms of the wave-averaged equa-
tions. Details of the Stokes drift computation are given in
section 3.

Only a single equation for potential temperature in the
OBL is included, uy ; u, and salt is not considered; Nurser
and Griffies (2019) describe the details for specifying salt
fluxes. In the OBL, SST is a key component in our ABL–
OBL coupling and we simply adjust the OBL SST using the
cool skin parameterization that depends on bulk wind speed
proposed by Wong and Minnett (2018); their empirical correla-
tion reduces the skin temperature compared to the 5-m temper-
ature using the expression Duskin–5m 5 0.2–0.24 exp(2U10/3.6),
where U10 is the mean wind speed at the reference height
z 5 10 m. The different physical constants used in the ABL
and OBL are given in Table 1.

The same numerical algorithm is used in the ABL and
OBL. The horizontal differencing is pseudospectral and

second-order finite differencing in the vertical direction. A
compact third-order Runge–Kutta scheme is used for the
time advancement, and the time step is chosen to satisfy a
Courant–Fredrich–Lewys (CFL) condition based on the maxi-
mum velocity relative to the spatial discretization; the time step
Dt is typically chosen by the atmospheric conditions because
of the relatively fast winds compared to the slow currents.
The vertical grid is positive upward with the grid origin, z 5 0,
located at the water surface.

The code parallelization is based on the 2D domain decom-
position described in Sullivan and Patton (2011) that uses
custom built matrix transposes to carry out fast Fourier trans-
forms and the tridiagonal solution of the pressure Poisson
equation. At runtime, the total number of processors re-
quested is split unequally between the atmospheric and oce-
anic LES, and more processors are used in the oceanic
simulation to accommodate the denser grid and finer horizon-
tal grid spacing Dxo spanning the much larger horizontal ex-
tent of the atmospheric grid Lx (see section 3). Typically, the
ratio of oceanic to atmospheric processors is between 2:1 and
4:1 but is easily adjusted and is accomplished using the mes-
sage passing interface (MPI) routine MPI_COMM_SPLIT;
the latter routine is used to split the world communicator at
run time. Ideally, for the same Dt, the computational work in
the ABL with fewer processors is equal to or less than the
work in the OBL with more processors.

Only two new routines are added to the LES code: a routine
that averages (or anterpolates) the finer-scale oceanic surface
currents and SST to the coarser horizontal atmospheric grid,
and a second routine that spectrally interpolates the coarser
atmospheric fluxes to the finer horizontal oceanic grid. The
x–y average of the fluxes is identical on the ABL and OBL
grids at every time step. The strategy of splitting the world
communicator allows the coupling to use the already devel-
oped code for the oceanic and atmospheric boundary layers
(e.g., Sullivan and McWilliams 2019, 2022). Essentially, two
LESs are run simultaneously with MPI: one in the atmosphere
and a second in the ocean. The two LESs only communicate
in exchanging SST, currents, and momentum, temperature,
and humidity fluxes. The use of multiple LES domains is also
described in our “fringe” simulations (Sullivan et al. 2020,
2021; Sullivan and McWilliams 2022).

3. Coupled simulations

Recent observational field campaigns by Moum et al. (2014),
Farrar et al. (2020), Shroyer et al. (2021), and Mahadevan
et al. (2021) find a rich variety of coupled air–sea interactions

TABLE 1. Atmosphere and ocean properties used in the simulations.

Symbol Variable Atmosphere Ocean Units

r Density 1 1000 kg m23

Cp Specific heat 1004 4200 J kg21 K21

b Buoyancy parameter 3.27 3 1022 1.96 3 1023 m s22 K21

f Coriolis parameter 1024 1024 s21

Le Latent heat of vaporization 2.5 3 106 J kg21

p* Reference pressure 100 3 103 N m22
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occurring at varying scales. In the current paper, we are loosely
guided by these observations but concentrate on canonical
situations that feature nominally horizontally homogeneous
ABL–OBL regimes. Our coupled simulations are posed as
process studies of air–sea phenomena and in particular the
coupling of atmospheric SCRs with the OBL. We target un-
stable ABL conditions with varying geostrophic wind speeds
and surface forcing conditions that are deemed horizontally
homogeneous. Under the expectation that the unstable atmo-
spheric regime will feature SCR structures, an anisotropic
computational domain is used in the LES with dimensions
(Lx, Ly, Lz,a) 5 (2.5, 5, 1.2) km. The wider Ly domain com-
pared to the Lx domain is chosen to allow multiple roll pat-
terns to exist in our computational domain (see section 4a).
Shear-convective turbulent rolls are typically ABL filling
structures with an elongated x axis compared to their rela-
tively narrow spanwise y axis; i.e., they are horizontally aniso-
tropic structures.

The discretization of the ABL–LES uses (Nx, Ny, Nz)a 5

(512, 1024, 256) mesh points with the first vertical grid level
for w located at z1 5 3 m. A nonuniform vertical grid is built
using algebraic stretching with the stretching factor between
vertical grid cells K 5 1.002 67. The OBL–LES domain spans
the same horizontal dimensions as the ABL with a vertical
domain Lz,o 5 260 m. Grid mesh (Nx, Ny, Nz)o 5 (2048,
4096, 128) points cover the OBL with its first vertical level
for w located at z1 5 20.4 m using a stretching factor
K5 1.00244 between vertical grid levels. Thus, the ratio of hori-
zontal grid spacings in the ABL and OBL is Dxa/Dxo 5 4.88 m/
1.22 m5 4.

In the OBL, wind-wave equilibrium corresponds to wave
age cp/U10 5 1.2, where cp is the peak wave phase speed and
U10 is the atmospheric wind speed at the reference height
z 5 10 m. The wave slope ak 5 0.1 is assumed for fixing an
exponentially decaying Stokes drift profile us(z); the OBL is
then in a wave-impacted regime as the turbulent Langmuir
number Lat ; 0.3 over the geostrophic wind speed range con-
sidered here (McWilliams et al. 1997; Harcourt and D’Asaro
2008; Belcher et al. 2012). An x–y average Stokes drift pro-
file is applied in the OBL at every time step.

The simulations vary the geostrophic wind speed Ug 5

[5–15] m s21 along with an initial prescribed SST jump dui
between the ABL and OBL; the same initial mean (temper-
ature, humidity) profiles [u(z), q(z)] are used in all simula-
tions, and for a particular simulation, Ug is constant and
aligned with the x axis. In addition, a free convection simu-
lation with Ug 5 0 and a weakly stably stratified ABL
with Ug 5 8 m s21 in a smaller domain are also performed
for comparison (see section 4f). To generate unstable
ABLs, the initial ABL–OBL temperature jump is set
dui 5 1 or 3 K. To account for the oceanic cool skin, the SST is
further reduced using the correlation proposed by Wong and
Minnett (2018). Of course, as the simulation progresses and
the turbulence develops the unstable jump du between the
ABL and OBL is automatically reduced depending on the cou-
pling, the ABL warms and the OBL cools. The initial tempera-
ture and humidity profiles in the ABL are composed of two
segments (see Fig. 4)

u(z) 5
ui : 0 , z , hi

ui 1 (z 2 hi)0:01 K m21 : hi , z , Lz,a

,
⎧⎪⎪⎨⎪⎪⎩ (4)

q(z) 5
0:010 kg kg21 : 0 , z , hi

0:010 kg kg21 2 (z 2 hi)1025 m21 : hi , z , Lz,a

,
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

(5)

where the initial ABL height hi 5 250 m and Lz,a 5 1100 m is
the ABL–LES domain height. The initial temperature value
is ui 5 298 or 296 K. The surface saturation specific humidity
qsat ’ 0:622esat/p* ; 0:0214 kg kg21, where esat is the satura-
tion vapor pressure (e.g., Stull 1988, p. 276). The initial hu-
midity profile is chosen to roughly match that used in the case
study of Brilouet et al. (2021, Fig. 2) but in a shallower ABL.
The initial temperature in the ocean is simply (accounting for
negative z values)

u(z) 5
ui : 0 . z . 2hi

ui 1 (z 1 hi) 0:021 Km21 :2hi . z . Lz,o

,
⎧⎪⎪⎪⎨⎪⎪⎪⎩ (6)

where the initial mixed layer depth hi 5 13.3 m and the initial
oceanic temperature ui 5 299 K. Thus, the ABL–OBL initial
temperature jump is an unstable jump dui 5 (1, 3) K. The ini-
tial horizontal wind in the ABL is set equal to the geostrophic
value, while the initial currents in the ocean are set equal to
zero.

The ABL surface fluxes are computed from the Monin–
Obukhov similarity relationships using temperature, humid-
ity, and wind speed at the first model level in the ABL grid as-
suming a roughness length zo 5 2 3 1024 m given by Large
and Pond (1981). Identical roughness for momentum and
temperature is used at every horizontal grid point in the
ABL–LES. Two variations on the surface coupling rules be-
tween the ABL and OBL are used. The first method applies
the surface conditions instantaneously at every x–y grid point;
i.e., the surface fluxes, SST, and currents are applied horizon-
tally “point-by-point.” In the second method, the surface con-
ditions are imposed by applying “x–y” averaging, i.e., the
ABL surface fluxes, and the OBL SST and currents are first
averaged in a horizontal plane, and these averages are used in
the coupling. The x–y averaging rule removes the turbulence
spatial variability between the ABL and OBL, in particular
the large-scale SCR.

The use of local instantaneous surface exchange coefficients
between the ABL and OBL adopted here is an approxima-
tion partly supported by the analysis of surface flux conserva-
tion laws described by Wyngaard et al. (1998). At the small
time and space scales used in the present work, these conser-
vation equations are stochastic, but their coupling with the
LES equations yields only marginal improvements in the pre-
diction of the nondimensional mean shear and mean tempera-
ture gradient profiles over a rough stationary surface. Wyngaard
et al. (1998) concluded the form of the LES subgrid-scale model
has a much greater impact on the overall LES predictive capa-
bilities than the surface flux exchange rule. More work is needed
to clarify the time and space dependencies of the ABL–OBL
surface exchange rules.

J OURNAL OF THE ATMOS PHER I C S C I ENCE S VOLUME 82832

Unauthenticated | Downloaded 04/21/25 02:50 PM UTC



A list of the simulations along with bulk statistics is pro-
vided in Table 2. The statistics include friction velocity u*,
surface buoyancy flux Qy ,*, sensible heat flux Fh 5 rCpQ*,
latent heat flux Fq 5 rLeq*, ABL and OBL boundary layer
depth h, Monin–Obukhov length L, atmospheric stability
parameter 2h/L, and Deardorff convective velocity scale
w* 5 (bQy ,*

h)1/3. The simulation run names that use x–y
average surface coupling are indicated by a subscript ()a,
e.g., U10a is the simulation with Ug 5 10 m s21 that uses x–y
average surface coupling conditions. In Table 2, the ABL
and OBL friction velocity and virtual potential temperature
flux vary because of the differences in r and Cp. For the
unstable simulations, the range of the stability parameter
2h/L 5 [2.4–105], i.e., the range is from weak to strongly
unstable conditions.

Given the above choices of grid mesh, the computational
work in the ABL using 512 processors is less than 30% of the
work in the OBL using 2048 processors. A simulation with
Ug 5 10 m s21 and an integration over 60 000 time steps,
with Dt ; 0.28 s, takes about 90 wall clock hours.

4. Results

Statistics are computed by averaging in the x–y directions
and in time, indicated by angle brackets hi. For cases with
Ug 5 15 m s21, the time averaging interval is t 5 [2.8–4.6] h;
for cases with Ug 5 10 m s21, the time averaging interval is
t 5 [2.1–4.8] h; for cases with Ug 5 5 m s21, the time interval
is t 5 [2.8–5.7] h; and for the free-convection case, the time
interval t 5 [13.9–16.6] h. The vortex force in the OBL induces
a rapid transition to a turbulent state, and the OBL transition
roughly keeps pace with the ABL turbulence evolution.
Inspection of the time history of bulk statistics, e.g., (u*, Q*, h)
in the ABL and OBL, shows that the coupled system is in a
quasi-steady state over the chosen time interval, and thus, the
above averaging windows are considered adequate. To obtain
a fair comparison, the same time averaging window is used
for simulations with the same Ug but with different surface
coupling rules. Variables are decomposed into a mean hi and
turbulent fluctuation ()′, i.e., a variable f 5 hf i1 f ′. Total
turbulent fluxes that include both the resolved and SGS con-
tributions are indicated by ()tot.

a. Flow visualization in the ABL and OBL

Awide spectrum of scales, ranging frommeters to kilometers,
is captured by the coupled LES as shown in Fig. 1 from case
U10, taken at a late time in the simulations t 5 4.73 h. This
example, truncated in the y–z plane, shows a large downdraft
in the ABL, generated by one branch of an SCR, impinging
on the oceanic surface, while Langmuir turbulence generates
its own smaller scale downdraft–updraft pairs in the OBL.
SCRs are long lived but spatially and temporally variable
structures. Their axis is roughly aligned with the mean wind

TABLE 2. Bulk properties in the simulations: (left) ABL and (right) OBL columns.

Run

ABL OBL

Ug dui u* w* Qy ,* Fh Fq h 2L 2h/L u* w* Q* h
(m s21) (K) (m s21) (m s21) (K m s21) (W m22) (W m22) (m) (m) (m s21) (m s21) (K m s21) (m)

U15 15 1 0.382 0.698 0.019 21.6 285 542 223 2.43 0.0121 0.016 6.75 3 1025 28.3
U15a 15 1 0.383 0.699 0.019 21.6 284 541 223 2.43 0.0121 0.016 6.74 3 1025 28.3
U10 10 1 0.279 0.651 0.018 1.4 229 464 91.7 5.1 0.0088 0.013 5.4 3 1025 22.6
U10a 10 1 0.279 0.651 0.018 1.3 229 467 91.6 5.1 0.0088 0.013 5.5 3 1025 22.6
U10C 10 3 0.292 0.857 0.035 16.0 263 545 54.3 10.0 0.0092 0.014 6.66 3 1025 23.1
U10Ca 10 3 0.291 0.854 0.035 16.0 261 541 53.5 10.1 0.0092 0.044 6.60 3 1025 23.1
U5 5 1 0.160 0.554 0.012 1.7 148 415 25.0 16.6 0.0050 0.011 3.6 3 1026 19.8
U5a 5 1 0.159 0.554 0.012 1.7 147 415 24.8 16.7 0.0050 0.011 3.6 3 1026 19.8
UF 0 1 0.002 0.303 0.0023 0.3 26.7 373 4.1 3 1024 .105 7.29 3 1025 0.061 6.5 3 1026 17.4
US 8 21 0.175 20.0060 23.7 233.6 138 265.7 22.1 0.0055 28.85 3 1026 19.7

FIG. 1. Snapshot of LES results in a y–z plane from the cou-
pled ABL–OBL simulation U10 driven by geostrophic winds
Ug 5 10 m s21 and virtual potential surface buoyancy flux
Qy ,* 5 0:018Kms21. (top) Streamwise velocity u in the ABL over
z 5 [0, 600] m, and (bottom) simultaneously, vertical velocity w in
the OBL over z5 [225, 0] m. For clarity, only a fraction of the 5-km
y domain is shown; the z axis in the OBL is expanded compared to
the ABL. Notice the coherent structures in the flow: a large down-
draft in the ABL centered over the region y 5 [1600–2200] m, a
signature of ABL shear-convective turbulence, and the small-scale
updraft–downdraft pattern characteristic of LT in the OBL. There
is a hint of internal wave generation below the thermocline.
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direction with a spanwise distribution and magnitude that de-
pends on the ABL stability 2h/L. An example of the struc-
tures in our coupled simulations is given in Fig. 2, which
shows the distribution of vertical velocity w in x–y planes
from simulations (U10, U10C, U15) with geostrophic winds
Ug 5 (10, 10, 15) m s21; these x–y slices are in the lower

ABL z 5 160 m or z/h 5 (0.344, 0.239, 0.295), respectively,
and are taken at a late time in the simulations. The simula-
tions (U10, U10C) are driven by the same geostrophic wind
but with the initial temperature between the ABL and OBL
dui 5 (1, 3), respectively; the latter temperature jump in-
creases the buoyancy forcing by almost a factor of two, which

FIG. 2. (a)–(c) Snapshot of vertical velocityw showing typical ABL turbulence SCRs from simulations with geostrophic
winds Ug 5 (10, 10, 15) m s21, run names (U10, U10C, U15). The x–y plane is in the lower boundary layer at z5 160 m.
The color bar is in nondimensional units w/u*. (d) Snapshot of total u field showing typical ABL shear-convective turbu-
lence in a y–z plane at x5 1250 m from simulationU15. The color bar is in units of meters per second (m s21).
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impacts the strength of the ABL–OBL coupling (Table 2).
Very near the surface z , 10 m, the w pattern consists of thin
y lines, which smoothly merge with increasing z to create the
pattern in Fig. 2. In the lower ABL, Fig. 2 shows the updrafts
(red colors) are narrower (in y) and stronger than the down-
drafts (blue colors). Figure 2 also shows the contours of the
streamwise ABL velocity u looking upwind in a y–z plane;
this y–z slice is taken at x 5 1250 m in Fig. 2c. This view
shows the updrafts–downdrafts in the SCR that fill the depth
of the ABL. Notice the small-scale surface eruptions in the u
field and the relatively wide downdrafts from the ABL top
that reach into the surface layer. The SCRs are observed to

slowly translate across the spanwise direction with varying
time (Sykes and Henn 1989). The visual correlation between
(positive, negative) w and (negative, positive) u in Fig. 2 im-
plies the SCRs generate a negative momentum flux u′w′ , 0
(e.g., Moeng and Sullivan 1994). Near the surface, the SCR
downdraft–updraft patterns are associated with surface
splats, i.e., surface convergence-divergence zones that lead to
positive and negative signed y ′ fluctuations.

Under typical oceanic conditions (e.g., Belcher et al. 2012),
the stretching and tilting of vertical vorticity by surface waves
leads to near-surface streamwise-oriented vortical rolls
indicative of Langmuir turbulence (e.g., Leibovich 1983;

FIG. 3. (top left),(top middle) OBL horizontal fluctuating velocities (u′, y ′)/u* at z5 22.6 m or (z/h5 20.092) and (top right) OBL vertical
velocityw′/u* at z522.8 m (z/h520.01) from simulationU15 withUg5 15 m s21. The elongated streaks in thew velocity are a consequence
of Langmuir cells. At the same time, the dark (blue, red) colors in the top middle panel show that LT has increased the spanwise velocity y ′
compared to the streamwise velocity u′ shown in the left panel. (bottom left),(bottom middle) The (u′, y ′)/w* at z5 20.2 m or (z/h5 20.012)
and (bottom right) w′/w* at z522.8 m or (z/h520.16) from the free convection simulationUF. The vertical velocity shows the hexagonal
surface pattern of free convection; the same color bar is used for the three velocity components normalized by (u*, w*) for the (top, bottom)
rows. The visualization of w′ in the bottom row only shows downwelling, w′ , 0. Only a fraction of the total x and y ranges are shown.
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McWilliams et al. 1997; Sullivan and McWilliams 2010;
Sullivan et al. 2012). The presence of LT has a significant
impact on the OBL, enhancing the vertical momentum fluxes,
turbulent velocity variances hy ′2, w′2i, and OBL entrainment.
In leading-order wave-averaged theory, the surface waves are
imposed and there is no feedback from the currents onto the
wave field; see McWilliams (2022) for a more extensive discus-
sion of coupling currents and waves. LT also efficiently mixes
the OBL under stably stratified conditions (Sullivan et al.
2012; Kukulka et al. 2013). The horizontal scale of LT is at
least an order of magnitude smaller than the atmospheric SCR
(see section 4e). The top row of Fig. 3 is a zoom of the fluctuat-
ing oceanic flow fields (u′, y ′, w′)/u* over a (400 m)2 patch of
the oceanic surface at z ; 22.6 m for U15. The presence of LT
can readily be deduced in these images. The magnitude ordering
of the LT fluctuations near the water surface is y ′ . w′ .. u′

(McWilliams et al. 1997), in contrast to flat walls where the
ordering is u′ . y ′ .. w′. The image of w′ shows elongated
in x updraft–downdraft lines a characteristic signature of LT
with large spanwise y ′ fluctuations near the water surface. A
zoom of the ocean w′ showing LT in a y–z plane is provided
in Fig. 1 The bottom row of Fig. 3 is a zoom over a (1000 m)2

ocean patch that shows the OBL velocities normalized by w*
from simulation UF. The x–y range is expanded to show a
large-scale imprint of the ABL on the near-surface OBL.

The bottom row right panel shows the hexagonal velocity
pattern imprinted from the ABL (see section 4f). Although
Stokes drift is turned on, its impact is nearly negligible as the
mean winds are zero.

b. Bulk ABL and OBL profiles

Typical mean temperature and velocity profiles in the ABL
and OBL are shown in Fig. 4 for simulations (U10, U10a) and
(U10C, U10Ca) with Ug 5 10 m s21. The thin line in the tem-
perature profiles indicates the initial condition for the LES. In
(U10, U10a), the initial jump between the atmosphere and
ocean is 1 K and the atmosphere also “feels” a cool skin of ap-
proximately 20.227 K (Wong and Minnett 2018). The OBL
responds to the surface buoyancy and momentum fluxes esti-
mated from the Monin–Obukhov similarity relations applied
in the ABL. The temperature jump between the ABL and OBL
continually decreases as the simulation progresses and near
the end of the simulation, the temperature jump du ; 0.111 K.
The ABL in these simulations is only weakly convective
during the analysis period; the surface sensible and latent
heat fluxes are (1.4, 229) W m22, respectively. In simulation
(U10C, U10Ca), the late time temperature jump is larger
du ; 1.18 K, accounting for the cool skin, and the increase
in buoyancy flux compared to U10 increases the ABL depth
by ;80 m. The initial and time average values of virtual po-
tential temperature and humidity are also shown in Fig. 5.
Meanwhile, in the OBL, the average u current is well mixed
below a depth of z , 22 m because of the combinations of
Langmuir turbulence, shear forcing, and surface cooling as
shown in the lower panels of Fig. 4.

The hu, yi (wind, current) are nearly unchanged by the type
of surface coupling. As anticipated from the visualization, the
updraft–downdraft pairs enhance the near-surface spanwise

FIG. 4. ABL and OBL mean profiles of temperature and winds
from simulations with Ug 5 (10, 10) m s21 run names (U10, U10C)
(black, orange) lines, respectively. Temperature in the (top) ABL
and (bottom) OBL. (top middle),(top right),(bottom middle),(bot-
tom right) The hy , ui components of the wind and current. Results
for simulation (U10, U10C) that include point-by-point coupling
and (U10a, U10Ca) that use x–y average coupling are indicated
by solid, dashed lines. The thin line in the left panels shows the
initial temperature used to start the ABL–OBL LES. The initial
ABL–OBL temperature jump dui 5 (1, 3) K for simulations
(U10, U10C), respectively. In the bottom left panel, the thin
black line is the initial OBL temperature for all simulations. Notice
the ABL warms and the OBL cools to reduce the air–sea tempera-
ture difference du as time advances.

FIG. 5. ABL mean (left) virtual potential temperature huyi and
(right) humidity profile hqi from simulation (U10, U10C) (black,
orange) lines with Ug 5 10 m s21 at late time. The thin line in each
panel shows the initial values used to start the ABL–OBL LES.
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fluctuating velocity y ′. Consequently, this slightly enhances
the spanwise flux hy ′w′itot for U10C as shown in Fig. 6. While
the ABL is in a weakly convective-dominated regime, the
OBL is primarily driven by wind stress and waves. This is
shown in Fig. 7, where vertical velocity hw′2i is scaled by u* in
the left panels and is scaled by w* in the right panels. Because
of LT, the OBL w variance increases by more than a factor
of 2 compared to its counterpart beneath a flat wall (e.g.,
McWilliams et al. 1997; Harcourt and D’Asaro 2008; D’Asaro
et al. 2014). In the OBL, the curves collapse using u* scaling
(left panel), whereas the ABL winds collapse using w* scaling
(right panel) as found by Deardorff (1972) over land surfaces.

Temperature fluxes in the ABL and OBL, shown in Fig. 8,
are relatively unchanged by the type of surface coupling. The
ABL temperature flux is dominated by its surface value with
the entrainment flux a small negative fraction of the surface
flux, total hw′u′y ,*i ; 20.19. However, the distribution of the
OBL temperature flux is different. The entrainment flux
shows an increase because of LT, larger negative values are
found in the OBL compared to the surface value independent
of the type of surface coupling, total hw′u′y i/Qy ,*

. 20:8 for
case U15. The ratio of the OBL depth h to the Langmuir sta-
bility length Ll, the analog of the Monin–Obukhov stability
length L (Belcher et al. 2012), is 2h/Ll ,, 1 for the simula-
tions in Table 2. Inspection and comparison of cases (U10,
U10C) in the lower panel of Fig. 8 show that the entrainment
flux for U10 is only slightly more negative than U10C. In
Fig. 8, the normalized surface temperature flux equals

one in the ABL and OBL. The amplitude of the Stokes drift
profile increases with wind speed, and thus, the OBL entrain-
ment flux also increases (e.g., Sullivan et al. 2007, 2012). In
the ABL and OBL, the normalized entrainment flux for the
free-convection case, where LT is minimal in the OBL, is
nearly identical 2hw′u′y itot/Qy ,* 5 (0:19, 0:16) in the ABL
and OBL, respectively.

The marine ABL is largely driven by the latent heat flux.
Figure 9 depicts the profiles of the mean humidity profile
hqsat 2 qi/Dq and humidity flux hw′q′itot/q*. The humidity
jump Dq5 hqsat 2 q(h)i, where [qsat, q(h)] are the surface sat-
uration humidity and humidity at the ABL top z 5 h, respec-
tively. Increasing wind speed and a larger temperature jump
dui combine to increase the humidity flux profile compared to
the free convection simulation. The surface latent humidity
flux in Table 2 shows Fq is one to two orders of magnitude
larger than Fh. Note that the mean humidity profile for
(U10, U10C) is nearly identical, but the flux profile for U10C
is noticeably larger throughout the ABL.

c. Filtered results

To identify an imprint of the SCR on the upper OBL, an
isotropic two-dimensional Gaussian low-pass filter with filter
scale d 5 500 m (e.g., Pope 2000) is applied to the fields in the
ocean. Note that the filtering is expected to capture the bulk
of the OBL motions as d is much greater than the OBL depth
h. The filtering is applied line-by-line first in x and then in y.
The results of the filtering operation are shown in x–y planes

FIG. 6. Total (resolved plus SGS) spanwise and streamwise momentum flux hy ′w′, u′w′itot in the (top) ABL and
(bottom) OBL. The fluxes are (left) hy ′w′itot and (right) hu′w′itot. The fluxes are normalized by surface friction veloc-
ity u2* in the ABL and OBL, and the vertical depth is normalized by the boundary layer depth h in the ABL and
OBL. The solid colored lines (red, blue, orange, green) correspond to geostrophic wind Ug 5 (5, 10, 10, 15) m s21 for
cases (U5, U10, U10C, U15); these simulations use point-by-point coupling conditions. The matching colored dashed
lines are identical simulations but use x–y average coupling conditions.
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for simulations (U10, U10C), with Ug 5 10 m s21 in the top
panels of Fig. 10. The figure shows the spatial variation in the
spanwise current y ′/u* at the first level z 5 20.2 m at a late
time in the simulation; the fields are made dimensionless by
the friction velocity u* in the OBL. Examination of the top
row of panels in this figure shows a clear large-scale structure
oscillating in the spanwise direction for simulations (U5, U10,
U10C, U15). The structures are intermittent in space and also
time but typically span the entire x dimension of the OBL
with their smaller spanwise width dependent on the atmo-
spheric stability. For comparison, the lower row of panels in
Fig. 10 show the spanwise current y ′/u*, filtered exactly as in
the top row, but from simulations (U5, U10, U10C, U15)a that
use x–y average coupling conditions for the SST, currents,
and surface fluxes of momentum and buoyancy. Only weak
randomly distributed structures are found in the OBL at a
depth z 5 20.2 m. The same color bar range is used in the
top and bottom rows. Based on a qualitative interpretation of
the flow visualization, simulations, U10, U10C produce the
largest response in the ocean (see section 4e).

The SCRs in the ABL impose a large-scale wind stress on
the OBL, which leads to large-scale organization of the span-
wise OBL velocity y ′. Figure 11 shows the fluctuating y com-
ponent of the normalized wind stress t′yw/u

2
* in the left panel

and its filtered value in the right panel from simulation U10C.
Note that this is the ABL wind stress (3b) interpolated to the

OBL grid. The filtered field is obtained using the same Gauss-
ian filter used to obtain the results shown in the right panel of
Fig. 10c. The filtered, and also to a lesser extent the unfiltered,
surface wind stress t′yw shows the same spanwise oscillation
as in Fig. 10, but with a reversed sign. These large-scale sur-
face wind stress fluctuations of course disappear in simulation
U10Ca.

d. Correlations

To quantify the impact of the large-scale atmospheric struc-
tures on the oceanic boundary layer, we compute the normal-
ized correlation coefficient Cfg(z) between an atmospheric
variable at a fixed height, say fa(zref), and a depth-varying oce-
anic variable, say go(z) (e.g., Bendat and Piersol 1971, p. 62):

Cfg(z) 5
h fa(zref) go(z)i�������������

h fa(zref)2i
√ �����������

hgo(z)2i
√ , (7)

where the angle brackets hi denote a horizontal x–y and time
t average. Vertical profiles of the correlation coefficients Cuu,
Cyy, Cww between the atmospheric velocity ua at the reference
height zref 5 10 m and the depth varying oceanic velocity uo
are depicted in Fig. 12. All the correlations are computed with
the LES data filtered using a two-dimensional Gaussian filter
with scale d 5 500 m. The simulations are marked by different

FIG. 7. Resolved w variance in the ABL and OBL for simulations with geostrophic winds Ug 5 (0, 5, 10, 10, 15) m s21,
run names (UF, U5, U10, U10C, U15), indicated by solid lines (pink, red, blue, orange, green). (left) The variances
are normalized by u2* , and (right) the variances are normalized by w2

* in the atmosphere or ocean. The near-surface w
variance in the OBL is increased by a factor of two by LT compared to a flat wall with no surface waves. Results for
simulationUF are shown by pink lines in the right.
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colored lines for the geostrophic wind Ug 5 (5, 10, 15) m s21,
the free-convection case is indicated by a pink line, and the
stable case US is indicated by a dashed red line.

Inspection of the correlation coefficients for horizontal fluc-
tuating velocities Cuu and Cyy shows a damped vertical oscilla-
tion with a penetration depth into the ocean of approximately
zd ’ (23, 26) m, respectively. Evidently, the spanwise con-
vergence (or divergence) ­yy in the atmospheric surface layer
from the SCR leaves a modestly stronger imprint on the OBL
than the streamwise fluctuating velocity, although both corre-
lations very near the water surface are ;0.5. Compared to the
other simulations, the simulation U10C with the larger ABL–
OBL temperature jump shows an increased penetration depth
for the Cyy correlation. Inspection of the vertical velocity cor-
relation Cww shows an opposite trend in the ocean compared
to the horizontal velocity components, i.e., notice a negative
correlation in the ocean with wa(zref) ’ 2wo. The surface
boundary condition is w 5 0, and at the large scales imposed
by the SCR requires opposite signed downdrafts and updrafts
in the atmosphere and ocean. The vertical velocity correla-
tions go to zero at a shallow depth; 23 m.

The impact of stability is clearly observed in Fig. 12. The
free convection simulation (no mean wind) shows the highest
velocity correlations Cuu, Cyy ; 0.8 near the water surface,
while (Cuu, Cyy) ;0.2 or less at z 5 26 m and Cww ; 20.3 at
z 5 26 m. The visualization in Fig. 13 shows a negative corre-
lation between downdrafts–updrafts in the atmosphere and in
the ocean (note the reversed color bar in the ocean). To sat-
isfy the no-flow boundary condition w 5 0 at z 5 0 requires

that ABL (downdrafts, updrafts) be balanced by compensat-
ing OBL (updrafts, downdrafts). Note that the structures in
Fig. 13 resemble convective plumes, while the structures in
Fig. 10 resemble the SCR. All the velocity correlations are
zero for the simulations that use x–y averaged coupling condi-
tions as expected based on the flow visualization in Fig. 10.

e. Spanwise spectra

Power spectra of the spanwise velocity Eyy(ky) shown in
Fig. 14 illustrate ABL–OBL coupling in the unstable regime.
The spanwise component of the spectra is chosen to match
the flow visualization of SCRs shown in Fig. 2. The upper
panel of Fig. 14 shows the ABL spectra at the reference
height zref 5 10 m; notice that they are tightly grouped over
the entire wavenumber range for all wind speeds, including
the free convection simulation. The lower panel of Fig. 14
shows the spectral energy content in the OBL at the first level
z 5 20.2 m. There are two spectral peaks that depend on the
surface coupling condition. All spectra exhibit a peak at high
wavenumber 0.2 . ky . 0.1 m21 induced by Langmuir turbu-
lence. Because of the grid resolution, and accounting for the
solution dealiasing, the highest resolved wavenumbers in the
ABL and OBL are ky 5 (0.428, 1.72) m21, respectively. In-
spection of the spectra shows that the ABL spectrum overlaps
the peak in the OBL spectrum well, suggesting that the grid
resolution is adequate to capture the bulk of the ABL–OBL
coupling, at least in the absence of resolved surface waves. At
low wavenumber 0.001 , ky , 0.01, the simulations that uti-
lize point-by-point coupling also exhibit a clear secondary
peak in Eyy at wavenumbers ky ;0.004 m21, i.e., at a spanwise
wavelength ;1.5 km roughly matching the flow visualization
in Figs. 1 and 10. The SCRs in the ABL thus leave an imprint
on the OBL over a shallow depth 0 . z . 25 m. The

FIG. 8. Total (resolved plus SGS) virtual potential temperature
flux hw′u′y itot normalized by surface value Qy ,* in the (top) atmo-
sphere and (bottom) ocean. The vertical axis is dimensionless
by the ABL or OBL depth. The colored lines (pink, red, blue,
orange, green) corresponding to geostrophic wind Ug 5 (0, 5,
10, 10, 15) m s21 that use point-by-point coupling are shown as
solid lines. The large entrainment flux in the OBL compared to
the ABL is a consequence of LT.

FIG. 9. (left) Humidity profile hqsat 2 qi/Dq, where qsat is the sur-
face value and Dq 5 qsat 2 qh. (right) Total (resolved plus SGS)
humidity flux hw′q′itot normalized by the surface value q* in the
ABL. The vertical axis is dimensionless by the ABL depth. The
colored lines (pink, red, blue, orange, green) correspond to simula-
tions with Ug 5 (0, 5, 10, 10, 15) m s21 (UF, U5, U10, U10C, U15),
that use point-by-point coupling.
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magnitude of the spectral peak in the point-by-point coupling
is 4–5 times larger than the comparable forced simulations
that use x–y average coupling. This low wavenumber energy
cascades to high wavenumbers in the OBL. The low wave-
number peak in the ocean spectra is a consequence of differ-
ent coherent structures in the ABL, i.e., convective plumes in
simulation UF and shear-convective rolls in simulation U10C.
The results for the spanwise spectra are in agreement with the
correlations shown in Fig. 12. Close inspection of the results
from the highest wind simulation U15 provides slight evidence
that the imprint of the SCR on the OBL is perhaps starting to
weaken with increased wind speed as2h/L" 0.

f. Free convection and stable ABLs

To explore the sensitivity to ABL stability 2h/L, two addi-
tional coupled simulations are conducted: an ABL–OBL un-
der free convection simulation UF with 2h/L . 105 and a
stable ABL–OBL simulation US with 2h/L 5 22.16 (see

Table 2). The setup of the free convection simulation is identi-
cal to the simulations with wind that use point-by-point sur-
face coupling but with Ug 5 0. The stable case US is carried
out in a much smaller domain with horizontal dimensions
(Lx, Ly) 5 (400, 400) m with the vertical domain in the ABL
Lz, a 5 2400 m, and in the OBL Lz, o 5 260 m. The grid
mesh is 2563 in the ABL and (768, 768, 128) in the OBL. In
simulation US, the geostrophic wind Ug 5 8 m s21 (Sullivan
et al. 2016), with the initial temperature jump between the at-
mosphere and ocean set to dui 5 21 K to produce stably
stratified turbulence in the ABL.

For comparison, the results for these two cases are included
in Figs. 7, 8, 12, and 14. The most striking impact of large ABL
stability 2h/L . 105 is shown in the correlations and spectra
(Figs. 12 and 14). The UF case produces the largest in mag-
nitude correlations, especially for Cww ; 21 at the water sur-
face, which slowly decays with depth in the OBL, Cww ; 20.7
at z528 m. The spanwise spectra Eyy also show a significant

FIG. 10. Snapshot of fluctuating spanwise velocity y ′/u* in the ocean at depth z 5 20.2 m found by filtering the OBL
fields with a two-dimensional Gaussian filter of width d 5 500 m. (top) Results from (a)–(d) simulations (U5,U10, U10C,
U15) are shown from left to right. (bottom) Results from simulations (U5,U10,U10C,U15)a are shown from left to right.
The simulations (U5, U10, U10C, U15) utilize point-by-point coupling, while the simulations (U5, U10, U10C, U15)a uti-
lize x–y average coupling. The large-scale SCRs in the ABL create a surface splat, a convergence or divergence in the
ABL fluctuating velocity y ′ that leaves an imprint in the y ′ fluctuation in the near-surface OBL in the top row.
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OBL response over all low wavenumbers 1023 , ky , 4 3

1022 m21, with a peak in Eyy near ky 5 2.5 3 1023 m21. Thus,
the hexagonal pattern of near-surface convection in the ABL
leaves a strong imprint on the OBL as shown in Fig. 13. This
figure shows a close correspondence between vertical velocity w
at z 5 9 m in the ABL and w in the OBL at z 5 21.2 m, i.e.,
the largest structures in the convective ABL are also found in
the OBL. This result for free convection shows that the fre-
quency response of the ABL and OBL is well tuned when the
near-surface mean advective velocity is near zero, i.e., when
Ug 5 0. The free-convection case UF fits our hypothesis that
large-scale slow-moving structures in the ABL leave a signature
in the OBL. Invoking Taylor’s hypothesis, the residence time T
of the largest (coherent) scales of motion l in the ABL increases
as T’ l/U as they propagate over the OBL.

In the stable simulation US, the correlations are opposite to
those in free convection (Fig. 12). The correlation between
the near-surface atmospheric motions and the OBL motions is
near zero, hence the small-scale structures in stably stratified
turbulence propagate rapidly over the OBL. The spanwise spec-
tra Eyy show a small ABL–OBL response at low wavenumbers
in simulationUS (not shown).

Figure 15 shows the spanwise spectra Eyy for a shear-
convective regime dominated by rolls (upper panel) and a
convective regime dominated by surface convective cells
(lower panel). Just right of the spectral peak, the roll regime
displays a spectral slope kny with n 5 21.1, while in the con-
vective regime, a steeper spectral slope n 5 21.9 is found.
This striking contrast in the spectrum shapes between these
two regimes and the slope values themselves are approxi-
mately confirmed in along-wind spectra from recent S-MODE
observations (Wineteer et al. 2024).

5. Conclusions

The marine atmospheric boundary layer (ABL) and oce-
anic boundary layer (OBL) are a coupled dynamical system
with two-way feedbacks depending on scale and oceanic sur-
face heterogeneity (McWilliams 2016; Taylor and Thompson
2023). To investigate the interaction mechanisms, a coupled
large-eddy simulation code is developed and exercised over a
range of atmospheric stability ‘ . 2h/L . 2.4; h and L are
the ABL depth and Monin–Obukhov stability parameter, re-
spectively. In the simplest setup of a nominally horizontally

FIG. 11. (a) Fluctuating y component of momentum stress t′yw normalized by the ocean u2* and (b) the filtered fluc-
tuating momentum stress from simulation with geostrophic wind Ug 5 10 m s21, U10C, at late time. The filter is a
two-dimensional Gaussian filter with scale d 5 500 m. The color bar is in nondimensional units of t′yw/u*.
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homogeneous ABL and OBL, we find that the largest scale
turbulent structures in the atmospheric boundary layer, i.e.,
the atmospheric plumes and turbulent shear-convective rolls
(SCRs), leave an imprint on the oceanic boundary layer. This

is shown by comparing simulations that use instantaneous
point-by-point spatial coupling rules at the oceanic surface
versus similarly configured simulations that use spatially
x–y average coupling rules, i.e., the large-scale spatially
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FIG. 12. Profiles of the correlation coefficients (Cuu, Cyy, Cww) between the fluctuating u′ ve-
locity at the 10-m reference height in the atmosphere and the fluctuating ocean u′ velocity. The
colored lines (pink, red, blue, orange, green) are simulations (UF,U5,U10,U10C,U15). The cor-
relation coefficients (left) Cuu, (middle) Cyy, and (right) Cww. Data in the atmosphere and ocean
are filtered at d 5 500 m using an isotropic filter. The stable simulation Ug 5 8 m s21, US, shown
by the long dash red line uses a filter with d 5 150 m. The correlation coefficients are zero for
simulations that utilize x–y average coupling (not shown).

FIG. 13. Vertical velocity w/w* in the (left) ABL at z 5 9.02 m and (right) OBL at z 5 21.2 m under free convec-
tion (simulation UF). The same isotropic filter d 5 500 m is used in the ABL and OBL. The coherent structures in
the atmosphere leave an imprint in the ocean leading to the negative correlation in Fig. 12. Note that the color bar in
the ocean is reversed compared to its atmospheric counterpart.
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intermittent turbulent structures in the atmosphere modulate
the sea surface temperature (SST), currents, and the connecting
momentum and temperature fluxes. The impact on the total
(resolved plus SGS) spanwise momentum flux h2y ′w′i in the
ABL, i.e., the momentum flux component perpendicular to
the mean wind direction, is small but persistent with the largest
effect for a geostrophic wind speedUg 5 10 m s21.

In the OBL, the SCRs leave an imprint on the currents at
low wavenumbers over a stability dependent depth of ap-
proximately 5 m. Spectra of the spanwise current Eyy(ky)
show a clear secondary spectral peak at wavenumbers
2p/(hky) 5 l/h ; 70 or more. Spatially filtering the ABL winds
and OBL currents at a scale d 5 500 m shows correlations be-
tween the ABL winds at the 10-m reference height and the oce-
anic currents; the horizontal correlations vary from 1 at the
surface to 20.5 at z ; 24 m for simulations that use point-by-
point coupling conditions; similarly configured simulations that
utilize x–y average coupling have zero correlation between the
ABL winds and the oceanic currents. A negative correlation is
found between vertical velocity w in the ABL and OBL. (Up-
drafts, downdrafts) in the ABL are anticorrelated with (down-
drafts, updrafts) in the OBL to impose the no-flow surface
boundary condition. Under free convective conditions, where
the ABL near-surface hexagonal pattern slowly evolves, the sig-
nature of the large-scale convective plumes is readily visible in
the OBL. An indirect effect of our LES coupling shows that

Langmuir turbulence enhances the OBL entrainment flux com-
pared to the ABL entrainment. Thus, while the ABL in the
shear-convective regime scales with the Deardorff velocity scale
w*, the OBL scales with the surface friction velocity u* with
interior mixing are also dependent on the wave field.

While many of the statistical properties in the OBL and
ABL are only modestly changed by air–sea coupling in the
locally homogeneous cases examined here, we might expect
larger changes when the interface is heterogeneous due to
oceanic submesoscale fronts and eddies; this is a topic for
future research.
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