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1. INTRODUCTION

Air-sea interaction occurs over a wide spectrum of
scales ranging from millimeters (spray droplets and
air bubbles) to hundreds of kilometers (synoptic scale
storms) and even larger (global climate). The coupling
among water waves and atmospheric turbulence is one
of the important components of air-sea interaction. Wind
generated waves influence the flux of momentum and
scalars at the air-sea interface and represent a visible sig-
nature of coupling between the atmosphere and ocean.
Also, the fundamental difference between atmospheric
boundary layers over land and over water derives from
the scale and mobility of the water surface.

An outstanding question in wind-wave interaction is
the impact of swell on the atmospheric planetary bound-
ary layer (PBL). Swell dominated wave fields occur af-
ter the passage of storm fronts and can propagate long
distances without significant dissipation, e.g., see esti-
mates in Cohen and Belcher (1999). In the open ocean,
the wave height variance is typically dominated by swell
(i.e., by old waves) and as a result it is difficult to mea-
sure and isolate the contributions of young (short) waves
to the roughness and surface stress. The impact of swell
on surface drag parameterizations is correspondingly un-
settled. A recent study by Donelan et al. (1997) sug-
gests that swell influences are strong and that wind-swell
alignment is an important factor for the measured drag
coefficients (e.g., they report that the drag increases by a
factor of 3 for swell opposing the wind). Thus, the sur-
face stress depends on at least three factors, wind speed,
wave age, and swell.

The coupling between light winds following fast run-
ning swell is of particular interest here. Harris (1966)
first reported the formation of a wave-driven wind in
a laboratory wave tank. Later, Holland et al. (1981)
and other observational campaigns noted an increase in
surface winds in the presence of swell. Since then a
growing body of experimental evidence has documented
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unique marine surface layer dynamics in the presence of
swell; development of low-level jets (Holland et al. 1981;
Miller 1999), positive upward momentum flux (Grachev
and Fairall 2001; Smedman et al. 1994, 1999), nega-
tive mean profile gradients (Rutgersson et al., 2001),
reduced turbulence levels (Drennan et al., 1999), and
mis-alignment between surface stresses and mean winds
(Grachey et al., 2003). These features appear to be sig-
natures of a wave-driven surface layer and invalidate the
use of Monin-Obukhov similarity theory most often used
to predict air-sea fluxes (Rutgersson et al., 2001). The
overall impact of swell is counter to the commonly ac-
cepted premise that the depth of the wave boundary layer
(WBL), i.e., the region directly impacted by waves, is
quite shallow z < 3m (Makin and Mastenbroek, 1996).

The goals of the present work are to develop and use
turbulence resolving simulations to improve our under-
standing of the interactions between atmospheric turbu-
lence and surface waves, and to aid in the interpretation
of observations from the Coupled Boundary Layers Air-
Sea Transfer (CBLAST) field campaign, see Edson et al.
(2004).

2. NUMERICAL MODEL AND PROBLEM DE-
SIGN

To model the impact of surface waves on the atmo-
spheric PBL, we have recently developed a new large-
eddy simulation (LES) code with the capability of re-
solving moving sinusoidal modes imposed at its lower
boundary. As the working flow model for this code we
assume unsteady, 3D, incompressible Boussinesq equa-
tions with large scale pressure gradients provided by
geostrophic winds. The LES equation set includes spa-
tially filtered momentum pu, potential temperature 6,
and subgrid-scale (SGS) turbulent kinetic energy e equa-
tions (Moeng 1984; Sullivan et al. 1994). These equa-
tions are transformed from (x, y, z)-Cartesian coordinates
into general surface fitted (computational) coordinates
(€,Mm,C). Although arbitrary curvilinear grids are permit-
ted, we restrict the grid to a conformal mesh which sim-
plifies the solution of the pressure Poisson equation and
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Figure 1: An x — z slice of the conformal computational mesh in the lowest 50 meters used in the simulation of flow

over water waves.

also allows for accurate treatment of the surface bound-
ary conditions. For cases with moving lower boundaries,
the surface fitted coordinate system propagates in the
x—direction at the phase speed ¢ of the imposed wave!.
This strategy freezes the motion of the grid and allows us

to easily include the orbital velocities of the water.

The base numerical algorithm in the present code
borrows heavily from our direct numerical simulation
(DNS) code for flow over stratified waves (Sullivan and
McWilliams, 2002; Sullivan et al., 2000). A co-located
(cell centered) arrangement of Cartesian solution vari-
ables (u, 9, p,e) is used along with contravariant flux ve-
locities U oriented perpendicular to cell faces. The lat-
ter mimic the arrangement of variables on a staggered
grid. Advantages of the co-located grid structure are:
(1) all advective terms can be compactly discretized us-
ing a skew symmetric form, e.g., momentum advection
is (0(Uju;)/0E; + Ujou;/d&;)/2; and, (2) the location
and orientation of U, maintains tight velocity-pressure
coupling as the continuity equation oU;/d&; is used to
construct the discrete pressure Poisson equation. A key
difference between the LES and DNS is the formula-
tion of the surface boundary condition. In the LES, a
high-Reynolds number surface drag law based on a “z,,”-
boundary condition is applied at the lower boundary, es-
sentially a law-of-the-wall expression is applied instan-
taneously at every surface grid point using the surface
parallel winds. Similar to the DNS code, the spatial
discretizaion is pseudospectral in the surface following
(€,m) coordinates and second-order finite difference in
the vertical coordinate . A third-order Runge-Kutta time
stepping scheme operating with a fixed CFL number is
employed (Sullivan et al., 1996). The entire code is par-
allelized using the Message Passing Interface (MPI) with

I'This is common practice with second-order closure models for tur-
bulent flow over waves e.g., see Belcher and Hunt (1998).

domain decomposition in {. A custom built MPI matrix-
transpose is used for the iterative solution of the pressure
Poisson equation.

Conformal meshes are constructed using elliptic grid
generation techniques, (e.g., Thomson et al. 1985) with
variable vertical spacing used to focus grid resolution
near the surface (see Figure 1); algebraic stretching is
employed with the stretching factor between two adja-
cent vertical cells K = Ay 1 /Ay = 1.036. For the suite of
LES experiments presented, the computational domain
(1200, 1200,800)m is discretized using (250,250,96)
gridpoints so that the horizontal resolution (Ax,Ay) =
(4.8,4.8)m. As a result, the waveforms imposed at
the lower boundary are well resolved, approximately 25
gridpoints per wave (see problem specification below).
In the vertical direction, A{ = 1m at the first gridpoint off
the surface, and approximately 75 grid levels are located
between the surface and the PBL inversion. Typically, at
least 50,000 integration time steps are required to reach
a statistically stationary state with the phase speed c lim-
iting the allowable time step, A ~ 0.23s.

The LES code is used to simulate PBLs with a flat
surface, and stationary and moving waves all with small
surface roughness z, = 0.0002m. This small value of z,
accounts for the drag of unresolved small scale waves
riding on the larger scale resolved swell. The imposed
surface wave is two-dimensional (i.e., has x — z varia-
tions) with wavelength A = 100m and low waveslope
a2rn/A = 0.1. Based on the linear dispersion relation-
ship ¢> = gA/2m, the moving wave has phase speed
¢ =12.5ms! and propagates in the x—direction. The
geostrophic wind (Uy, V,) = (5,0)ms ! with Coriolis pa-
rameter f = 10~*s~!. Two values of surface heat flux
are considered Q. = (0,0.01)K-ms~!. The initial depth
of the PBL is z; = 400m and the temperature sounding
is 00/0z = 0 for 0 < z < z; with a strong stable inver-
sion 00/0dz = 0.01Km™~! above z;. For this choice of
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Figure 2: Snapshot of the instantaneous velocities over swell in neutrally stratified winds of Sms~! from LES. The
wave age ¢/Ujg > 2.2, where Uy is the wind at z = 10m and c is the wave phase speed. Upper panel u and lower
panel w. Note the strong positive correlation between # and w on the downwind side of each wave crest which leads to
a positive upward momentum flux uw above z ~ 10m. The color bar, located in the lower right portion of each figure,
shows the variation in units of ms~! The direction of wave propagation is to the right.

geostrophic winds and waves, the PBL is dominated by
swell as the wave age ¢/Ug > 2 (e.g., Drennan et al. 1999;
Rutgersson et al. 2001). Thus our simulations are an ide-
alization of the outdoor situation of light winds following
strong swell. It is expected that turbulent flow overlying
cross or counter swell will generate different flow dy-
namics.

3. RESULTS

Snapshots of the LES solutions provides striking vi-
sual evidence of the impact of swell on the PBL sur-
face layer dynamics. Figure 2 shows that with fast run-
ning waves (wave age ¢/Ujp = 2.2) a coherent pattern
of accelerated winds greater than U, occurs in the re-

gion above each wave trough, 5 < z < 25m. At the same
time, the u-winds slow over the wave crests. The verti-
cal velocity is biased towards negative (positive) values
upstream (downstream) of the wave crest, respectively.
This phase relationship between (u,w) induces positive
(upward) vertical momentum flux and leads to the devel-
opment of a low-level jet. A strong pressure signal (not
shown) extends to more than 50m above the surface in
the swell dominated cases. Organized negative (positive)
pressure signals occur over the wave crests (troughs)
with a small asymmetry at the surface. The form stress,
obtained by integration of the surface pressure, is pos-
itive, i.e., the waves are accelerating the winds. Flow
visualization of other LES solutions shows that the ob-
served features are robust, they persist in the presence



of convection and with reductions in z,. The (u,w) flow
patterns found here are in sharp contrast to flow over a
stationary hill (Belcher and Hunt, 1998) and suggest that
the underlying waves can significantly modify the over-
lying turbulent flow over the bulk of what is tradition-
ally referred to as the PBL surface layer, approximately
0<z<0.1z.
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Figure 3: Wind vectors at z = 10m normalized by the
geostrophic wind U, for neutrally stratified flow over: a)
flat surface; b) stationary wave; and, c) swell. Case d) is
flow over swell with slight convection. The dashed line
denotes an angle of 45 degrees between (1) and (v).
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Figure 4: Vertical profiles of the mean wind for flow over
waves. Temporal and spatial averaging is used to com-
pute statistics with (spatial) horizontal averages carried
out along { = constant surfaces. The labeling is identical
to that used in Figure 3.

Further evidence for the impact of swell is presented
in Figure 3, where the wind direction at z = 10m is dis-
played for four combinations of imposed surface waves
(the magnitude and direction of the geostrophic wind,

U, = (Ug,0), is held constant in each simulation). Over
a flat surface with parameterized surface roughness the
winds at z = 10m turn to the left as expected. The degree
of turning increases in the presence of a stationary wave
indicative of the increased surface layer stress due to the
form drag of the underlying hills. However, an opposite
trend is observed in the presence of swell; the winds turn
slightly to the right in the surface layer ({v) < 0) so that
they are nearly aligned with the direction of swell prop-
agation. The magnitude of the u-component also notice-
ably increases. The vertical profiles of the mean winds
(see Figure 4) show that the impact of swell is not con-
fined to the surface layer but can extend to considerable
heights above the surface. With swell, the u-wind pro-
file exhibits a low-level jet (u) /U, > 1.1 around z = 20m
and then smoothly transitions to the geostrophic wind as
z— 200m. Hence, the mean shear above the jet is weak
and slightly negative. In the presence of slight convec-
tion, the low-level jet nearly disappears, (u) ~ U,, and
d(u) /dz ~ 0 over the bulk of the PBL, 10m < z < 400m.
The flat surface and stationary hill cases both exhibit pos-
itive shear over the entire PBL. The weak mean shear in
the swell driven (neutrally stratified) PBL generates only
small amounts of turbulent kinetic energy in the region
above the jet. As aresult, the TKE nearly collapses in the
upper PBL as a by-product of the swell induced changes
in the marine surface layer.
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Figure 5: Total (resolved plus SGS) vertical momentum
flux profiles. Note that the momentum fluxes are based
on the W-velocity component normal to the { = constant
surfaces. The labeling is identical to that shown in Figure
3.

Profiles of the total vertical momentum flux shown in
Figure 5 illustrate the important consequences swell has
for the momentum balance in the atmospheric PBL. In
the presence of swell, the uW-component of the flux is
negative very near the surface, rapidly approaches zero
with increasing z, and eventually changes sign near the
position of the low-level jet. The variation and signs
of both components of the momentum flux are consis-
tent with the formation of a low-level jet and in fact are



mandatory in order to achieve a steady balance between
the pressure gradient forcing and stress divergence. With
swell the balance of terms is opposite to that of a conven-
tional PBL, the stress divergence serves to accelerate the
u-component of the wind while the pressure gradient acts
to retard the flow. Finally, notice that with small amounts
of convection the vertical momentum flux uW is small
but clearly positive over the vertical extent 30m< z < z;.
We speculate that surface convection transports positive
signed vertical momentum, generated by swell, to the up-
per regions of the PBL.
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Figure 6: Observations from the CBLAST field cam-
paign. Upper panel mean velocity at 6 levels in the ma-
rine surface layer. Lower panel wave age ¢/Ujo for a
selected time period showing conditions with growing,
fully-developed, and swell waves. The horizontal lines
indicate data used to compute bin averaged velocity pro-
files for swell conditions.

4. CBLAST OBSERVATIONS

The goal of the CBLAST low-wind observational pro-
gram is to improve our understanding of air-sea interac-
tion and provide a database for model comparison and

evaluation (see CBLAST (2004) for further details). The
intensive CBLAST observation period, approximately
two months in duration, occurred in the late summer of
2003 and gathered data using a variety of platforms. One
of the novel measuring components is a low-profile air-
sea interaction tower which allows detailed turbulence
measurements close to the air-water interface. In the
atmospheric surface layer, two vertical masts were de-
ployed from the tower: a fixed flux mast designed to
gather high resolution turbulence data at six fixed ver-
tical levels and a vertically traversing mast that collected
mean profile information over a range of heights above
the sea surface. In addition to the turbulence information
a detailed set of wave measurements were also collected
(Edson et al., 2004).

Here we present a small subset of atmospheric data
collected from the profiling mast along with wave in-
formation. The two panels of Figure 6 show the vari-
ation of the mean wind speed (20 minute averages) at
six different levels obtained over the course of the ob-
servational period. The data is dominated by low wind
conditions, (u) ~ 5ms~!, with some persistent conditions
where the winds exceed 10ms~'. In the lower panel of
Figure 6, wave age ¢/U) is shown for a subset of eight
days. Within this time frame, we observe periods domi-
nated by swell, ¢/Ujo > 2. Bin averaged velocity profiles
based on the wave age brackets ¢/U;o = [0,1],[1,2],[2,3]
are shown in Figure 7. The vertical profiles of the mean
velocity clearly illustrate a sea state dependence. For the
case dominated by swell, a clear departure from Monin-
Obukhov predictions are observed as a low-level jet tends
to form in the region between 6m< z < 16m. We note
that only data obtained under unstable conditions is used
to construct these profiles. The observations and LES
predictions for unstable conditions are in good qualita-
tively agreement. The velocity profiles from the observa-
tions and LES are nearly uniform over the same vertical
extent and both display weak low-level jets in the sur-
face layer. A comprehensive comparison between LES
and CBLAST observations is a topic of future research.

5. DISCUSSION AND CONCLUSIONS

There is a striking similarity between the present LES
solutions and observations of swell dominated marine
boundary layers. The formation of a jet or in some in-
stances a near uniform velocity profile in the vicinity
of the waves is consistent with past and current surface
layer observations of Holland et al. (1981), Miller (1999)
and Edson et al. (2004). These investigations find that
the region influenced by swell can exceed the height of
the measuring mast, approximately 0 < z < 15m. Hence,
LES and observations both find that swell invalidates the
notion of a shallow WBL. The influence of swell is not
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Figure 7: Vertical wind profiles in the marine surface layer computed from LES (left panel) and observed during
CBLAST (right panel). The LES profiles for flow over swell, taken from Figure 3, are cases with neutral stratification
(black line) and weak unstable stratification (red line). The observations show velocity profiles for cases with growing
waves (green symbols), fully-developed waves (blue symbols), and swell waves (red symbols). For each condition,

the Monin-Obukhov predictions are shown as solid lines.

confined to the surface layer. Fast moving swell upsets
the turbulence production mechanism in the marine sur-
face layer which in turn impacts the whole PBL. In the
absence of shear production, turbulence in the upper PBL
tends to collapse and the wave-driven PBL differs from
its counterpart with stationary surface roughness. Thus
the LES supports some of the findings reported by Smed-
man et al. (1994, 1999). The appearance of a low-level
jet and vertically varying vertical momentum flux make
surface layer measurements dependent on wave state and
vertical distance above the surface thus invalidating the
Monin-Obukhov method of predicting surface fluxes in
agreement with Rutgersson et al. (2001). The current
LES with its monochromatic wave represents an ideal-
ization of a light wind following swell. In the open
ocean, a multi-component wave field can simultaneously
be a sink and source of momentum for the atmosphere,
with short (long) waves extracting (imparting) momen-
tum. The sign and magnitude of the near surface fluxes
will then depend on several factors including the orienta-
tion of winds and waves and the relative location of the
wave spectral peak and the mean wind. Flux parameteri-
zations thus require information about the wave field.
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