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Stably stratified turbulent boundary-layer flows over both a waved water surface and a flat
smooth surface are investigated through direct numerical simulation (DNS) for the bulk
Reynolds numbers, Re, from 15 000 to 80 000. DNS expose the following basic properties of
the flow. A statistically stationary turbulent regime is sustained if the turbulent Reynolds
number, Re;, based on the Obukhov length-scale and friction velocity, is larger than 102
At Rey < 102, turbulence over a flat surface degenerates completely, but over a waved
surface it survives in the form of residual fluctuations, which are weaker for smaller wave
slopes. In the stationary turbulent regime, at Re; > 102, vertical profiles of the mean-flow
velocity and temperature have a log-linear shape, as predicted by the Monin-Obukhov
similarity theory, with the same empirical dimensionless constants as in laboratory and
field experiments. The velocity and temperature roughness lengths, vertical turbulent
fluxes of momentum and heat, and root mean square turbulent velocity and temperature
fluctuations increase with increasing slope of the surface waves. At the same time, vertical
profiles of the mean velocity and temperature keep the self-similar shape predicted by the
Monin—-Obukhov theory, irrespective of the wave slope.
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1. Introduction

Detailed knowledge of the physical mechanisms of interaction
between airflow and surface waves is of primary importance for
realistic representation of vertical turbulent fluxes of momentum,
energy and matter, linking the atmosphere and hydrosphere in
climate and weather prediction model systems. In state-of-the-art
models, these fluxes are calculated via bulk formulae to a large
extent based on empirical coefficients. The latter are obtained
from field and laboratory experiments and exhibit essential
variability, whose nature in relation to wind-wave interaction
processes is not yet fully understood (Fairall etal., 2003). Of
special interest is the influence of stratification in the atmospheric
surface layer on wind-wave interactions and the air-sea fluxes.
Measurements above a waved water surface require special
efforts. Especially complicated are measurements in wave troughs
and in a thin layer above the water surface covering the viscous
sublayer and the adjacent buffer layer. The typical height of
the region to be examined is of order of millimetres, which is
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usually much smaller than the surface wave amplitude. Here,
detailed properties of airflow cannot be detected using contact
measurement techniques, such as wave-following probes (Hsu
etal., 1981; Hsu and Hsu, 1983; Donelan et al., 2005). However,
methods based on the particle image velocimetry (PIV) technique
(Adrian, 1991) allow for measuring wind velocity at heights over
the surface of order 1 mm. This is sufficient for investigating
both viscous and buffer layers at not too strong winds, with
friction velocities less than 10cms~! (Reul, 1999; Veron etal.,
2007; Troitskaya efal., 2011). Precise measurements of the air
temperature in the viscous sublayer and buffer layer above waves
are strongly needed but still remain difficult.

Numerical experiments make a complementary tool to
laboratory and field measurements. Earlier numerical modelling
of interaction between turbulent airflow and surface waves was
based on the Reynolds (ensemble) Averaged, Navier-Stokes
(RANS) equations for stationary, two-dimensional flow (Gent
and Taylor, 1976; Al-Zanaidi and Hui, 1984; Chalikov, 1986).
These RANS equations employed the semi-empirical concept
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of turbulent viscosity to express unknown Reynolds (turbulent)
stresses through known mean-field gradients. This approach is
computationally cheap and provides a useful picture of the mean
velocity, pressure and turbulent fluxes in the airflow. However,
it is not immediately applicable to modelling airflow in the
viscous sublayer and buffer region, which requires inclusion of
the molecular transports (L’vov et al., 2006).

More advanced (but more computationally expensive) is Large-
Eddy Simulation (LES) based on numerical integration of three-
dimensional, non-stationary, filtered Navier-Stokes equations
and capable of resolving 3D large-scale turbulent structure of the
flow (cf. Sullivan et al., 2008, 2014). However, LESs do not resolve
properties of the flow close to the water surface (or solid wall).
Typically the first LES grid node in the vertical direction is located
within the logarithmic region of the boundary layer. As a remedy,
one can perform wall-resolved LES (cf. Pope, 2000) and resolve
the viscous sublayer; however, numerical costs strongly increase.

Direct Numerical Simulation (DNS) is free of this drawback
and resolves the entire turbulence spectrum from large eddies
down to the dissipation length-scale. Sullivan efal. (2000)
were the first who employed DNS to investigate non-stratified
turbulent wind flow over surface waves for bulk Reynolds number
Re= (UyA/v) =8800 (where Uj is the bulk wind flow velocity, A
the surface wave length, and v the air molecular viscosity) and
wave slope ka = 0.1 (where k is the wavenumber and a the wave
amplitude). In their follow-up study, Sullivan and McWilliams
(2002) performed DNS of the airflow above the surface waves
in the presence of both stable and unstable stratification, with
the same wave slope (ka=0.1) and somewhat lower Reynolds
number (Re = 8000). Later Yang and Shen (2010) performed DNS
study of turbulent, non-stratified flow over waves with maximum
slope ka=0.25 and Re~ 10000. Although DNS provides a full
description of the turbulent flow at all physically significant scales,
so far it has not been able to achieve Reynolds numbers of order 10°
typical of the wind-wave interaction in laboratory experiments.
Druzhinin etal. (2012) have performed DNS of non-stratified
turbulent flow over waved water surface for Re =15 000 — almost
twice that of the Re= 8800 approached by Sullivan etal. (2000)
and 50% larger than Re=9943 approached by Yang and Shen
(2010), with maximum wave slope ka=0.2 — close to 0.25
approached by Yang and Shen (2010).

In the present study, we consider the stably stratified airflows
over a waved water surface with wave slopes up to ka=0.2 and
bulk Reynolds numbers from Re = 15000 up to Re =80 000 and
for different bulk Richardson numbers, Ri (based on the mean
wind velocity and temperature difference, and the wave length
A). To the best of our knowledge, this is the first DNS study of
the stably stratified boundary-layer flow with such high Reynolds
numbers (up to Re~ 10°) over waved water surface. The results
obtained in DNS studies of the stably stratified boundary layers
over a flat surface (e.g. Coleman etal., 1992; Nieuwstadt, 2005;
Garcia-Villalba and del Alamo, 2011; Flores and Riley, 2011;
Ansorge and Mellado, 2014; Deusebio etal, 2014) show that
increasing stratification leads to transition from a stationary
turbulent regime, in weak stratification, to a laminar flow regime
in sufficiently strong stratification. We focus on the stationary
turbulent regime observed for a sufficiently small Ri (cf. Sullivan
and McWilliams, 2002). Degeneration of turbulence at larger Ri
and the problem of transition between turbulent and laminar
regimes is considered in our follow-up study (Druzhinin etal.,
2015, Part 2).

2. Basic equations and numerical method

We perform direct numerical simulation of turbulent stably strat-
ified Couette flow above waved water surface. The schematic of
the numerical experiment is similar to the one used by Sulli-
van and McWilliams (2002) (Figure 1). A Cartesian framework
is considered where x-axis is oriented along the mean wind,
z-axis is directed vertically upwards and y-axis is orthogonal
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to the mean flow and parallel to the wave front. We prescribe
two-dimensional, x-periodic water wave with amplitude a, wave-
length A and phase velocity ¢. The maximum wave slope
considered in our DNS is ka = 2wa/A =0.2. The rectangular
computational domain has the sizes Ly =6, L, =4A and L, = A
in the x-, y-, and z-directions, respectively, and the airflow is
assumed to be periodical in the x- and y-directions. DNS is per-
formed in a reference frame moving with the wave phase velocity,
¢, so that the horizontal coordinate in the moving framework is
x=x" — ct, where X is the coordinate in the laboratory reference
frame. Then the lower boundary, representing the wave surface,
is stationary in the moving reference frame. As in all previous
DNS studies mentioned above, in the present DNS study we do
not consider capillary ripples riding on the wave generally found
in a realistic sea situation. The presence of ripples increases the
effective wavy-surface slope and may cause local flow separation
which significantly complicates numerical solution. The no-slip
boundary condition is prescribed at the lower boundary, so that
the wind velocity at the boundary coincides with the velocity in the
water wave. The no-slip boundary condition is also prescribed at
the upper horizontal plane moving in x-direction with bulk veloc-
ity Uj. This condition provides the external source of momentum
due to the viscous shear stress, which compensates the viscous
dissipation in the boundary layer and makes the flow statistically
stationary. The stable density stratification is specified by pre-
scribing the potential temperature at the wavy surface as ® = ©
and the top boundary plane as ® = ®y + A®, where A® > 0.
Numerical algorithm is based on the integration of full,
3D Navier-Stokes equations for incompressible fluid under the
Boussinesq approximation (Monin and Yaglom, 1971):

aU;  A(U;U; P U,
! ( ! ]) = —— U—l‘l‘(sizi(@_@ref)) (1)
ot 396]‘ 3x]‘ 3Xj8Xj [ON
0y,
i (2)
3xj
0 (U v 9’0
90 U®) _ v 976 (3)
ot 0x; Pr 9x;0x;

where x; = x, ¥, z, Uj(i = x, y, z) are the velocity components, P is
pressure and O is the reference temperature, v is the kinematic
air viscosity and g the gravity acceleration. The Prandtl number,
Pr=v/p (where p is thermal diffusivity).

The integration is performed in curvilinear coordinates (§, y, 1)
which are related to the Cartesian coordinates (x, y, z) by the

mapping:
(4)
(5)

This mapping transforms the lower waved boundary z;,(x) =
a cos k& (x) into a plane boundary at = 0(Druzhinin et al., 2012).
It is easy to show that for a small, finite wave amplitude a4, the
shape of the boundary, z,(x), up to the terms of order O(k*a®),
coincides with asymptotic solution for the Stokes wave (Gent and
Taylor, 1976):

x =& — aexp(—kn) sinké,
z =1+ aexp(—kn) cos k.

zp(x) = acoskx + %azk(cos 2kx — 1). (6)
The governing equations (1)—(3) are rewritten in dimension-
less variables normalized by the wavelength A, bulk velocity
Uy and temperature difference A®, and pressure normal-
ized by pU? (where p is the air density). The integration is
performed using dimensionless curvilinear coordinates, & =
E/ME =y/X & =n/X, and Cartesian velocity components
Uy =Ui/Uy, U, =U,/Uy, and Uz = U,/Uy. We also introduce
a linear reference temperature profile, ®f(§;) = AOn/A, and
perform the integration with respect to the dimensionless devia-
tion of the temperature, T = (® — )/ A®. The dimensionless
governing equations solved in DNS are given in the Appendix.

Q. J. R. Meteorol. Soc. (2015)
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Figure 1. Schematic of the numerical experiment.

Table 1. Parameters of DNS runs.

Re Ri AES AEYT Re, Re; ka /Uy State
15000 0.04 5.21 0.26 315 304 0 0 Turb.
15000 0.06 4.8 0.24 280 230 0 0 Turb.
15000 0.04 6.1 0.31 360 310 0.2 0.2 Turb.
15000 0.04 5.6 0.28 330 290 0.1 0.05 Turb.
15000 0.04 6.3 0.31 375 350 0.2 0.05 Turb.
30000 0.075 6.9 0.35 410 160 0 0 Turb.
40000 0.09 7.2 0.36 430 120 0 0 Turb.
40000 0.1 8.3 0.42 520 160 0.2 0.05 Turb.
80 000 0.11 10.4 0.56 650 105 0 0 Turb.
15000 0.08 - - - 0.2 0.05 Pre-turb.
40 000 0.2 - - - 0.2 0.05 Pre-turb.
80 000 0.2 - - - 0.15 0.05 Pre-turb.

The governing parameters in DNS are the bulk Reynolds and
Richardson numbers defined as:

Up
Re = L) (7)
Vv
Ri AO® A (8)
i=g——.
£ e, U?

The Prandtl number, Pr = v/u (where p is thermal diffusivity),
is prescribed as Pr=0.7.

The governing equations are discretized in a rectangular
domain with sizes 0 <&; <6, 0<&, <4, and 0<&3<1 by
employing a finite-difference method of second-order accuracy
on a uniform staggered grid consisting of 360 x 240 x 180 nodes.
An additional mapping is employed to compress the grid in the
vertical direction near the boundaries in order to resolve the
viscous boundary layer (cf. Appendix). Parameters of DNS runs
are listed in the Table 1. Note that the relatively high Reynolds
number in the present study required sufficiently high resolution
of the fine scales where dissipation of turbulent kinetic energy
occurs in DNS. In the considered case of boundary-layer flow,
the viscous scale is v/ux, where ux is the friction velocity and
v the kinematic viscosity. This scale generally varies in DNS
for different bulk Reynolds numbers and Richardson numbers.
Our DNS employ the grid with mesh sizes A§; =1/60 in the
streamwise and spanwise directions, £, and &;, whereas in the
vertical direction &3 the mesh size increases from A& ~ 0.0008
near the walls to A5 2 0.009 in the centre of computational
domain. When normalized by the wall scale, the mesh sizes
for different Re and Ri vary as A&;” ~ 2 + 10 in the horizontal
plane and from A&;"" ~ 0.2 = 0.6 near the boundaries to about
AEST ~ 2+ 5 in the centre of the domain. These grid spacings
are generally regarded as sufficient to resolve fine-scale turbulent
motions in DNS of turbulent boundary-layer flows (as discussed
by Moin and Manesh, 1998). In the DNS runs listed in the three
bottom rows of Table 1, the flow relaminarizes and turbulent
fluxes of momentum and heat drastically reduce in the bulk of
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the computational domain. In this regime, finite velocity and
temperature fluctuations survive only in the vicinity of the waved
surface and vanish sufficiently far from the surface. We propose
for these wave-induced motions observed near the waved surface
the name ‘pre-turbulent motions’. This regime is only briefly
discussed in the present article and investigated in detail in our
follow-up article (Druzhinin et al., 2015, Part 2).

The numerical method used in the present study takes into
account the effect of stratification and solves both the Navier-
Stokes equations for the fluid velocity and the temperature
deviation equation (Appendix). Otherwise, the method is quite
similar to that employed in the non-stratified case by Druzhinin
etal. (2012). In this case, we validated our numerical code by
comparison with both available laboratory data and DNS results
by Sullivan et al. (2000).

At the lower-plane boundary (§3 =0), the no-slip (Dirichlet)
condition for the velocity is prescribed. Thus, the airflow velocity
here coincides with the velocity of the water in the surface wave:

Ui (&1,£,0) = c(kacos kx; (&1,&3) — 1), 9)
UZ(%.I)SZ) 0) =0, (10)
Us(£1,£,,0) = ckasin kx, (&1, &3). (11)

At the upper boundary (3 = 1), the no-slip condition for the
wind velocity is prescribed with respect to the plane moving with
non-dimensional velocity (1 — ¢):

Ul(él!%—Za 1) =1- [ (12)
Us(&1,6,1) =0, (13)
Us(&1,6,1) = 0. (14)

The temperature deviation is set equal to 0 at both lower and
upper boundaries:

T(élasbo) = T(El)gb 1) =0. (15)

Q. J. R. Meteorol. Soc. (2015)
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Periodical boundary conditions are prescribed at the side
boundaries of the computational domain, namely at £, =0, 6
and &£, =0, 4.

The velocity field is initialized as a weakly perturbed laminar
Couette flow, U;=£38; +uyr (i=1, 2, 3) where ujy is a
divergence-free isotropic, homogeneous random field with a
broad power spectrum and the modulus amplitude 0.05. The
initial temperature deviation field is put to 0. During the transient,
at times ¢ < 100, the effect of stratification is artificially delayed
and negligible (cf. Appendix). By this means, a fully developed,
non-stratified turbulent regime is allowed to set in. At later
times, the buoyancy force becomes significant and modifies the
airflow. The integration is advanced in time until a statistically
stationary flow regime is established. Then sampling of the velocity
and temperature fields is performed at discrete time moments
t, k=1, ...,1000, with interval 5y ; — f; =0.2. The averaging
over the wave length is performed as a window averaging.

We denote by the angular brackets the phase averaging
equivalent to averaging over turbulent fluctuations, i.e. for a given
field f(&1,&2,&3, 1), the phase-averaged field, (f), and dispersion
field, (f?), are determined as:

Ny Ny 5

6NN, ZZZJC@I +nx, &85, 1), (16)

Y j=1 k=1 n=0

(f1,8) =

Ny N

f (‘éa:l + 1’1)\. 52]’ 53’ tk) (17)
NN, DV

Y j=1 k=1 n=0

() (&1, E5) =

where N, =240, N; =500 and 0 < £; < 1. The fluctuation of the
field f is further obtained in the form:

fr=3 = (O (18)
We also introduce rectangular brackets for the mean vertical
profile of the field f, [f](£3), obtained by additional averaging of

the phase-average (f) (&, £3) along the streamwise coordinate:

Ny /6

[F1(&) = Z(f )(Eip £3), (19)

where N, = 360. Then, vertical profiles of mean turbulent fluxes
of momentum and heat, 7(£3) and F(£3), are determined as

(20)

T = [(U)(U;) — (U1 Us)],
U (21)

F=[(T)(U;) — (TU3)],

We define the conventional turbulent velocity and temperature
scales, namely, u« (friction velocity measured in m s~!) and ®«
(measured in K) expressed through the dimensionless turbulent
fluxes, T and F (Egs (20) and (21)), as

u, = Upa/T, 0, = AOF/ /T, (22)
where v and F are taken at sufficiently large distance from
the waved surface, where they reach asymptotically constant
values. The Obukhov turbulent length-scale L (measured
inm) is:

M2

*
" oo, )

Note that traditional definition of the Obukhov length includes
the von Karmén constant, «, known only approximately, in the
denominator on the r.h.s. of Eq. (23). We do not follow this
tradition because it causes additional uncertainties in empirical
dependencies on z/L.
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Figure 2. Vertical profiles of the turbulent Reynolds number Re; (Eq. (24))
in DNS of stably stratified flows over a flat surface for different Reynolds and
Richardson bulk numbers.

3. The effect of stratification on turbulent flow regimes over
flat and waved surfaces

The particular case of stably stratified turbulent flow over a
smooth flat surface can be investigated with the aid of the DNS
procedure described in section 2 by setting zero values of the phase
velocity, ¢ =0, and wave slope, ka = 0. We performed such DNS
for the bulk Reynolds number, Re, defined by Eq. (7), from 15 000
to 80 000 and bulk Richardson number, R, Eq. (8), from 0 to 0.5
(cf. Table 1). Atsufficiently small Ri, DNS reproduces a statistically
stationary turbulent regime with vertical profiles of mean velocity
and temperature obeying the Monin-Obukhov similarity theory.
Atlarge Ri, turbulence degenerates. We investigated the transition
from the turbulent to the laminar regime as dependent on both
Reynolds and Richardson numbers, and compared our results
with those of the previous study by Flores and Riley (2011).
These authors compiled available laboratory and numerical data
and performed DNS of their own to analyse the transition from
turbulent to laminar regime in terms of the turbulent Reynolds
number, Rer, based on the Obukhov length-scale and friction
velocity:

Re;, = (24)

Note that, in Eq. (24), we included the von Kdrman constant,
k = 0.4, in the denominator, as compared to the original definition
of Rey, by Flores and Riley (2011), to account for the absence of «
in the definition of the Obukhov length L in Eq. (23).

The basic result obtained by Flores and Riley (2011) is that the
stationary turbulent regime is maintained at Re; > 100; otherwise
turbulence degenerates and the flow becomes laminar. Our DNS
confirms this conclusion. Figure 2 presents vertical profiles of
the turbulent Reynolds number, Rey, for different bulk Reynolds
numbers: Re= 15000, 30 000, 40 000, and 80 000. For each Re,
we determined appropriate critical Richardson number, Ri, such
that for Ri> Ri; turbulence degenerated. Then we considered
vertical profiles of Rey, for Ri close to Ri.. As seen in Figure 2, at
sufficiently large bulk Reynolds numbers (Re =40 000 and 80 000),
the turbulent Reynolds number, Rer , asymptotically tends to the
threshold value Re; =~ 100 found by Flores and Riley (2011).

We note that Flores and Riley (2011) used the constant heat flux
condition (which implied cooling), whereas we use the prescribed

Q. J. R. Meteorol. Soc. (2015)
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Figure 3. Temporal development of root mean square fluctuations of velocity (U’, V', W’) and temperature (®') in stably stratified boundary-layer flows over waved
surfaces, obtained in DNS for different bulk Reynolds, Re, and Richardson, Ri, numbers at the wave slope ka =0.2 and dimensionless phase velocity ¢/Uj = 0.05.
(a,c) Represent the fully developed turbulence regime under subcritical stable stratification, whereas (b,d) show the wave-induced residual-turbulence regime under

strongly stable (supercritical) stratification.

temperature at the surface. However, the boundary condition
for temperature does not directly influence the above criterion:
Re; < 10%. The physical meaning of this criterion is quite clear: the
Reynolds number should be large enough (and hence, the viscous
damping small enough) to allow for the existence of turbulent
motions. The key point is that Flores and Riley (2011) have found
for the flow in question the relevant velocity- and length-scales: ux
and L. They have shown that the criterion obtained in their DNS
explains the transition from a stationary turbulent to a laminar
regime observed both in field experiments and previous numerical
studies where the isothermal (fixed temperature) condition at the
surface was considered as well.

We performed DNS of stably stratified flows over waved
surface for the wave slope 0 < ka < 0.2, bulk Reynolds number
15000 < Re < 40 000, bulk Richardson number 0 < Ri < 0.1, and
different phase velocities c. Our DNS reveal quite similar control
of the flow regime by Ri. Figure 3 shows temporal variation of the
amplitudes of turbulent fluctuations of wind velocity (U/, 174 ) W/)
and temperature (®’), defined as maxima of the corresponding
fluctuation fields obtained from Eq. (18),

U, VW = Uymax{U,},i = 1,2,3 0 = A®max{T'}, (25)

in DNS with the wave slope ka=0.2 and dimensionless wave
phase velocity ¢/Uy=0.05 for the two bulk Reynolds numbers
Re=15000 (a,b) and Re=40000 (c,d), and four Richardson
numbers: Ri=(a) 0.04, (b) 0.08, (¢) 0.1, and (d) 0.2. At
sufficiently small Richardson numbers (Ri = 0.04 for Re = 15000
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(Figure 3(a)), and Ri=0.1 for Re=40000 (Figure 3(c)), the
amplitudes of fluctuations, after initial transients, saturate, so
that a stationary turbulent regime sets in. At larger Richardson
number (Ri=0.08 for Re= 15000 in Figure 3(b), and Ri=0.2
for Re=40000 in Figure 3(d)), the amplitudes of fluctuations
considerably decrease compared to cases shown in Figure 3(a,c).
The critical Richardson numbers (their own for each Re) are
close to those found in the flat surface case; however velocity and
temperature fluctuations in the supercritical stratification remain
finite even at large times.

Figure 4 shows the instantaneous vorticity modulus, (x,y,z),in
different planes, obtained in DNS with Re = 15 000 and Ri = 0.04,
for ka=0.2 and dimensionless wave phase velocity ¢/Uy = 0.05
(corresponding to the wave age ¢/ux 2 2). The Obukhov length-
scale, Eq. (23), is L~ 0.3 and Re; ~ 300, so that the Flores
and Riley criterion, Re; > 100, is satisfied. As illustrated, the
flow is turbulent throughout the domain and exhibits numerous
separation points and formation of A-shaped vortices (Moin and
Kim, 1985) in the vicinity of the wave crests similar to those
observed in DNS of non-stratified boundary-layer flow over a
waved surface (Druzhinin et al., 2012).

The supercritical regime observed in DNS with the same
Reynolds number and wave slope and celerity but for Ri=0.08
is presented in Figure 5. The figure shows that pre-turbulent
fluctuations are quite pronounced in the vicinity of the waved
surface, where the vorticity field exhibits complicated 3D
structure, and these fluctuations decay sufficiently far from the
surface.

Q. J. R. Meteorol. Soc. (2015)
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X/\ (z/x=0.042)

Figure 4. Instantaneous contours of the vorticity modulus in (a) x-z, (b) y-z and (c) x-y planes in statistically stationary, stably stratified boundary-layer flow over a
waved surface with the wave slope ka = 0.2 and dimensionless phase velocity ¢/Uj = 0.05 (c/u+ ~2), obtained in DNS for Re = 15000 and Ri =0.04 at t = 1000. Level

z/A = 0.042 corresponds to u+z/v ~ 16 and/or z/L ~0.12.

It follows that there is a principal difference between supercriti-
cally stratified (Ri > Ri.) boundary-layer flows over the flat surface
and waved surface. In the first case, supercritically stratified tur-
bulence degenerates, and the flow becomes laminar. In the second
case, turbulence also decreases under supercritical stratification,
but finite velocity and temperature fluctuations survive near the
surface-wave boundary and could affect the entire flow. These
‘pre-turbulent’ fluctuations manifest themselves most obviously
in the vicinity of the critical layer, where the surface-wave phase
velocity coincides with the mean flow velocity. The intensity of
such fluctuations monotonically decreases with increasing bulk
Richardson number. This supercritically stratified flow regime is
studied in details in our follow-up study (Druzhinin ef al. (2015),
Part 2). Below we consider only stationary turbulent flow regimes.

4. Vertical profiles of the mean velocity and temperature

Our DNS produce vertical profiles of the mean velocity U(n)
and the deviation of mean temperature from its surface value,
(©(n) — ©;), which are in good agreement with the Monin-
Obukhov similarity theory (cf. Monin and Yaglom, 1971). Figure 6
shows the profiles for Re= 15000, Ri =0.04 and different wave
slopes and phase velocities. The mean profiles are well described
by the familiar approximation:

U 1
() _ 1 (ln 2. CU2>, (26)
Uy K 20U L
On) -0y P
O =G _Prfy n oM (27)
O, K 200 L
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where zoy and zpe are effective roughness lengths, « the von
Kérmén constant, Cy is one more empirical dimensionless
constant, and Pr; the turbulent Prandtl number. Results from
DNS shown in Figure 6 yield practically the same estimates:
k =0.4, Cy=2 and Pr,=0.85 as observed in most laboratory
and field experiments. We recall that our definition of the
Obukhov length-scale L, Eq. (23), does not include the von
Karmén constant, «, whereas the popular version of this scale, L,
includes « in the denominator, so that L = L/k. Then the second
term on the right-hand side in brackets in Eqs (26) and (27)
becomes Cy % = E‘U% where Cy = CK—U =5.

As seen from Figure 6, increasing the wave slope ka leads to
reducing the ratios U/u~ and (® — ©,)/©~. This is only natural,
as the larger values of ka cause the larger roughness lengths zoy
and z(e, and therefore substantially larger 1« but only a bit larger
©+. The term /T = u,/Up in the denominator on the r.h.s. of
the second Eq. (22) just explains why the effect is less pronounced
in the temperature profile.

Roughness lengths zpoy and zge for the flat surface are
determined by conventional relations (e.g. Monin and Yaglom,
1971):

v
zgoy = — exp(—5«), (28)
Uy

2000 = Y exp(—2.5k). (29)
u

*

For waved surfaces, we determined these parameters by
matching Eqs (26) and (27) with DNS data and obtained
essentially larger values: zoy =2 zgoy and zpe =1.5 zge at

Q. J. R. Meteorol. Soc. (2015)



Stably Stratified Flow over Water: Turbulent Regime
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Figure 5. Instantaneous field of the vorticity modulus in (a) x-z plane at y=0, (b) y-z plane at x=3 and (c) x-y plane at z=0.12, obtained from DNS of the
wave-induced pre-turbulence in stably stratified boundary-layer flows for the bulk Reynolds number Re= 15000, bulk Richardson number Ri=0.08, wave slope

ka=0.2, and dimensionless phase velocity ¢/Uy = 0.05, at time ¢ = 1000.

wave slope ka=0.1; and zoy =15 zgoy and zpe =4 zge at
ka=0.2. DNSs also revealed that increasing phase velocity from
c/Uy=10.05 to ¢/Uy=0.2 had no significant effects on mean
profiles (Figure 6).

Good agreement with the Monin-Obukhov similarity theory
laws analogous to Egs (26) and (27), but with 5 denoting the
height over a flat surface, was observed in many previous DNS
studies of stably stratified turbulent boundary-layer flows (e.g.
Nieuwstadt, 2005; Ansorge and Mellado, 2014; Deusebio et al.,
2014). In the present study we consider the same laws but use the
wave-following coordinate, 1, Eqs (4) and (5).

Figure 7 shows the turbulent Prandtl number

u, dO (dU\"™'
©, dn (dn )
versus dimensionless height, u«n/v, evaluated from DNS for
different wave slopes and phase velocities. In all cases with
c/Uy=0.05 (slow waves, e.g. Sullivan etal., 2000; Yang and
Shen, 2010), the general behaviour is as follows: in the vicinity
of the water surface Pr;~ 1, then it decreases and saturates at
Pry~0.85 for u«n/v > 100 (which corresponds in our DNS to
n/L>0.3). At phase velocity ¢/Uy=0.2 (intermediate waves),
Pry is somewhat higher in the vicinity of the water surface
(where it approaches about 1.2) but plateaus at the same
approximate value (Pry~0.85) as for ¢/U;=0.05. All the
above features of mean profiles obtained from DNS agree well
with the majority of known laboratory, numerical and field
experiments.

(30)

(© 2015 Royal Meteorological Society

5. Vertical fluxes of momentum and heat and root mean
square fluctuations

Budgets of total vertical fluxes of momentum and heat are derived
from the equations for the streamwise velocity component and
the temperature deviation (cf. Appendix, Eqs (A5) and (A8)) by
averaging over time and &,-coordinate (along the wave front).
Under the stationary turbulent regime, in the absence of a mean
streamwise pressure gradient, the resulting equations are rewritten
in curvilinear coordinates as follows:

e (52) 3 (2 )i+
08, \ 351 ) = 98 \ 9% !

i ()i (o
9g, \ 08 ) ' 9& \ 05 e

1 [ 92 92
-0 (Eﬁ + ng) (), (31)
d 0x] J 0x1
By (i) DV (Lo E 97
{asl (%) T35 (353>}< v
0 8X3 d 8x3
) ()
+{asl (asl>+a§3 <853>}< )
1 32 92 T (32)

where T =T + &;. Now averaging Eqs (31) and (32) over &,
taking into account periodicity over &, and &;, and integrating
over &3 vyields the following momentum-flux and heat-flux
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Figure 6. Vertical profiles of (a) the mean velocity and (b) temperature in the stationary turbulent boundary-layer flow over a waved water surface, obtained in
DNS for Re=15000 and Ri=0.04 at different wave slopes ka, and dimensionless phase velocities ¢/U. The viscous-sublayer approximation and the log-linear
approximation, Egs (26) and (27), are shown by the dashed and the solid lines, respectively.
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Figure 7. Vertical profiles of the turbulent Prandtl number, Pr, in stationary,
turbulent boundary-layer flow over a waved water surface, obtained in DNS for
Re=15000 and Ri = 0.04 for different wave slopes ka, and dimensionless phase
velocities ¢/Uj.

balance conditions:

LA | 9% oy 0 A

|:Re 853 85;:] <U1+P> a§3<U1U3>} g) (33)
1 o(T) 0x3 0X3 _ U O,

g, + a5 T g T = G O
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where angular and square brackets denote phase-average and
streamwise-average, respectively. Left-hand sides in Egs (33) and
(34) can be represented as sums of three contributions to total
fluxes. In the dimensional form, these budgets read

(35)
(36)

R
Fi+ F, + Fy = u,0,,
where 7, = Ugt and F; = UyAQ®F are dimensional turbulent

fluxes proportional to the dimensionless fluxes t and F, Egs (20)
and (21); T, and F, are viscous fluxes:

_wdiuy)
_ U@ d((T))]
= RePr dn (38)

Finally wave-induced fluxes, t,, and F,, are obtained as
respective residual contributions on the left-hand side of Eqs
(34) and (35) as:

3 3
tw = U2 [a—zwf +P) - (8—2 - 1) (U1 Us) — <U1><U3>],
(39)
Fo = Uor0 | 22 oy — (22 2 1) (ruy — (MU
w = Up [851 1_<8$3_>( 3) — (T)( 3)]-

(40)

Figure 8 shows the shares of all three components to the
total vertical fluxes of momentum and heat obtained in DNS
of stationary turbulent boundary-layer flow at Re=15000 and
Ri=0.04 for different wave slopes and phase velocities. For wave
slope ka=0.2, the wave-induced flux of momentum, 7, at the
water surface nearly equals the viscous stress, Ty, which means
that the form drag equals the viscous drag. For ka = 0.1, the wave-
induced flux at the water surface is about three times smaller than

Q. J. R. Meteorol. Soc. (2015)
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Figure 8. Turbulent, viscous and wave-induced shares of the total vertical fluxes of (a, ¢, ¢) momentum and (b, d, f) heat in stably stratified boundary-layer flows
over waved surfaces with (a, b) ka=0.2, ¢/Uy = 0.05, ¢/ux ~2; (¢, d) ka=0.1, ¢/Uy = 0.05, c/ux ~2; and (e, f) ka=0.2, ¢/Uy =0.2, c/u~ =~ 8 in DNS for Re =15 000

and Ri=0.04.

the viscous stress. Both 7., and 7, become negligible compared
to the turbulent flux, ty, sufficiently far from the surface, at
usn/v > 40.

The wave-induced heat flux, F,, for wave slope ka=0.2 is
negligible compared to the molecular heat flux, Fy, in the
vicinity of the waved surface (at u+n/v <10). With increasing
height, F,, increases and becomes of the same order as F,: at
u<n/v 2 10 for phase velocity ¢/Uy = 0.05, and at u«n/v ~ 20 for
¢/Uy=0.2. For wave slope ka=0.1, the wave-induced heat flux
is negligible compared to the turbulent and viscous heat fluxes,
Fy and F,. Similarly to the wave-induced and the viscous fluxes

(© 2015 Royal Meteorological Society

of momentum, heat fluxes F,, and F, both return to 0 sufficiently
far from the surface.

Results from DNS of airflows over flat and waved boundaries
for different bulk Richardson numbers shown in Figure 9
demonstrate how the wave phase velocity, wave slope and
stable stratification affect vertical profiles of turbulent fluxes
of momentum and heat. The fluxes are generally enhanced by
surface waves with larger slope ka, and weakened by strengthening
stratification and increasing wave phase velocity.

Figure 10 presents vertical profiles of the mean velocity and
temperature gradients, dU/dn and d®/dn, and the root mean

Q. J. R. Meteorol. Soc. (2015)
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Figure 9. Profiles of (a, ¢) turbulent momentum and (b, d) heat fluxes, 7 and F;, obtained in DNS with Re = 15000 under the stationary turbulent regime of stably
stratified boundary-layer flow over a waved surface for different slopes ka, phase velocities ¢/Uy, and bulk Richardson numbers Ri. The profiles obtained for the flat
boundary case (no wave, with ka = 0) with Ri = 0.04 are also provided for comparison.

square velocity and temperature fluctuations, (U/, V], W/) and
(®'), Eq. (25), obtained in DNS of the stationary turbulent
regime at Ri=0.04. The fluctuations are obviously enhanced at
larger wave slope, whereas the velocity and temperature gradients
remain unaffected in the bulk of the flow domain — outside the
viscous and buffer layers (at n/A > 0.1). Hence the root mean
square fluctuations, as well as turbulent fluxes, substantially
increase with increasing wave slope, whereas the gradients of
mean velocity and temperature remain practically the same. It
follows that the enhancement of turbulence is originated by the
surface wave rather than by the shear instability of the mean flow.
The enhancement of the turbulent flux of momentum by larger
wave slope is also due to larger form drag (cf. Figure 9). It deserves
emphasising that the heat flux is also increased by the surface
wave, in spite of no thermal analogue to the form drag.

Results from our DNS offered a clearer view on the difference
between the regimes of real turbulence and weak turbulence-
like motions, which occurred in two numerical experiments for
same wave slope ka=0.2 but different bulk Reynolds numbers
Re=15000 and 40 000. Similarly to Flores and Riley (2011) and

(© 2015 Royal Meteorological Society

to our analyses of the airflows over a flat surface, we determined
for each Re the critical bulk Richardson number Ri., such that for
Ri < Ri, the flow remains turbulent but for larger Ri turbulence
decays (cf. Figure 3). At the same time, over the waved surface the
situation is more complicated. Figure 11 1shows vertical profiles
of the turbulent Reynolds number Re;, Eq. (24), for the bulk
Richardson number just below the critical value at Re= 15000
and 40 000. The figure reveals almost the same threshold value
of Rer ~ 100 as for the flows over a flat surface (cf. Figure 2).
However, in supercritically stratified airflows over waves, the
latter excite in the airflow weak ‘pre-turbulent’ motions, which
neither decay nor develop into real turbulence (cf. Figure 3).
We consider this newly recognised regime in more detail in the
follow-up article (Druzhinin et al., 2015).

6. Conclusions

This article summarises results obtained by direct numerical
simulation (DNS) of stably stratified turbulent boundary-layer

Q. J. R. Meteorol. Soc. (2015)
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Figure 10. Vertical profiles of mean gradients of (a) velocity dU/dz, (b) temperature d®/dz, and root mean square fluctuations of velocity, (c) U’, (d) V/, (e) W/, and
(f) temperature ®’, in DNS of stably stratified turbulent boundary-layer flows over waved surfaces with ¢/Uy = 0.05 (c/u+ ~2) and two different wave slopes (ka=10.2
and ka =0.1) and over a flat surface (¢/Uy =0 and ka = 0), for Re= 15000 and Ri = 0.04.

flow over flat and waved water surfaces. In the statistically
stationary, turbulent regime observed in DNS for not too
large bulk Richardson numbers, the simulated mean velocity
and temperature profiles, Eqs (26) and (27), are quite similar
to the log-linear profiles observed in the atmospheric surface
layer. Moreover, the turbulent Prandtl number Pr, von Kdrmén

(© 2015 Royal Meteorological Society

constant «, and dimensionless constant Cy in the linear term
are practically the same as in the atmosphere and DNS: k = 0.4,
Pr;=0.85,and Cy=2.

The wind and temperature roughness lengths, zoy and zpe,
obtained from DNS, increase with the increasing surface wave
slope. For zyy, this effect is well-known and easily explained
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Figure 11. Vertical profiles of the Reynolds number Re; in DNS of stably stratified
boundary-layer flow over a waved surface with slope ka=0.2 for different bulk
Reynolds and Richardson numbers.

by the form drag. DNS clearly show the similar (although less
pronounced) effect for zgg. This important fact deserves attention
because the heat-transfer mechanisms have no visible similarity
to the form-drag mechanism.

Results from our DNS offer a clearer view of the viscous/
molecular, turbulent and wave-induced contributions to the
vertical turbulent fluxes of momentum and heat at different
elevations over the water surface for different wave slopes and
phase velocities. To the best of our knowledge, such quantitative
analyses have not been performed previously.

Comparative analyses of the mean velocity and temperature
gradients and turbulent velocity and temperature fluctuations
obtained in DNS reveal that the increasing wave slope enhances
turbulent fluctuations but does not affect mean velocity and
temperature gradients. It follows that the observed enhancement
of turbulence is caused directly by the surface waves rather than
indirectly by the mean-flow instability.

Our DNS results confirm the Flores and Riley (2011) criterion
of transition from turbulent to laminar regime over a flat surface,
namely the turbulent Reynolds number Re; = u«L/(kv) with the
threshold value Re{® & 102, Our DNS reveal precisely the same
threshold over waved surfaces, but with important proviso: over
steep waves Reih ~ 10? separates the regimes of real turbulence
and ‘pre-turbulent’ wave-induced motions most pronounced in
the vicinity of the water surface.
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A. Appendix: Governing equationsin curvilinear coordinates.

We define dimensionless Cartesian coordinates as x; = x/A, x, =
/X, x3 = z/1. Then, due to the conformal properties of the
mapping, Eqs (4) and (5), the following relationships hold:

d d 10 10
ﬁ:é:_ﬁ:_ﬁ, (A1)
Ox;  0xs ] o3& ] &

d d 10 10
ﬁ:_é:_ﬁz__ﬁ, (A2)
93 ox; ] 0& J 0&;3

2N\2 0o \2
where | = (‘;%) + (%) is the Jacobian of the mapping. The

derivatives over x; and x3 are replaced by the derivatives over &,

and &3:
4 _tfa(my o ()
dx; ] | 0& \ 0§ 983 \0& /)’
EEEL e
dx3 08 \ 98 083 \ 983

and the Laplacian operator in curvilinear coordinates becomes

92 _1(32 N al)+ 92
axox; ] \o&l = 9gr)  agd

Using Eqs (A1)—(A4), the governing Navier-Stokes equations
for the dimensionless velocity components U , 3 and temperature
deviation T can be written in dimensionless curvilinear

coordinates:
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We introduce the factor f in the last term on the right hand
site of Eq. (A7) in the form
f(t) =1 — exp(—t/100), (A9)
where t is the dimensionless time. The function f(f) ‘switches
on’ the buoyancy force and the related stabilizing effect of
stratification at times ¢ 3> 100, so that the non-stratified turbulent
Couette flow regime is allowed to develop at times t < 100.

Following Druzhinin etal. (2012), we also employ mapping
over the vertical coordinate:

(A10)

< tanhﬁ)
53 =051+ ,

tanh 1.5

where —1.5 < 7] < 1.5. Equation (A10) introduces non-uniform
spacing of computational nodes in the vertical direction,
with stretching in the middle of the domain (for 7~ 0 and
x3 A £3~0.5) and clustering near the boundaries (for 57 ~ +1.5
and x3~&3~0 or 1). Due to Eq. (A10), the derivative over
compressed curvilinear coordinate 7] is expressed via the derivative
over &£3:

ad 0
— =2tanh1.5coshna—~. (A11)
n

983
Integration of Eqs (A5)—(A8) is advanced in time by the
second-order accuracy Adams-Bashforth method in two stages
at each time step n. To calculate the wind velocity at the new
(n+ 1) time step, firstly an intermediate velocity, U;, is calculated

using the velocity and the temperature deviation obtained at the
preceding time steps, (Ul-”fl, T"1) and up, T"):

~ 3 & ! T
U= U+ (—F»U (U, T, 1) — EFF(UZ’_I)THW)) At.

1 2 1
(A12)
Then the flux FT(U;, 7", t) is calculated:
~ d(U;U; 1 3%*U; ~
Fi(U;, T,t) = — (UG , L o0 + 8,RITF(r).  (Al13)
0x; Re 0x;0x;

Here and below in Eqs (A14)—(A19), we use for brevity the
derivatives over Cartesian coordinates x; and x3, which are
readily expressed in the same manner as in Eqs (Al)—(A3) via
the derivatives over curvilinear coordinates £ and &3; and the
Laplacian operator is rewritten in the same manner in Eq. (A4).
Then, the air pressure at the 7 + 1 time step is obtained by solving
the Poisson equation:

92pntl 1 afjj
dxjdx; At dx;

(A14)

where the velocity divergence on the r.h.s. in curvilinear
coordinates reads:

9T 1{ 9 <8x1~> d (8x1~>
—=—1— (U )+ — (U
dx ] |95 \og 9&; \ 983

N ) <8x3ﬁ>+ 9 (ax36>}+aﬁz (AL5)
08 \og °) " 9& \og > &
The pressure equation
32 92 92 190, 1\ a2pit!
catoatog | (1)
9EZ | 9EZ | OE ] 8x; J) o0&
(A16)

is solved by iterations (k is the iteration number) employing
the fast Fourier transform over &, &, coordinates and the Gauss
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elimination method over the &3-coordinate. The iteration proce-
dure stops when the condition max{|P; — Px_1|/|Px—1|} <0.01
is satisfied. Usually this condition is reached after three to five
iterations (Druzhinin etal., 2012). Then new velocity at n+ 1
time step, satisfying the incompressibility condition, Eq. (2), is
calculated:

BP”'H
At.

Urtt = U; - (A17)

8xj

The temperature deviation at a new (n+1) time step is
calculated using data from the previous step:

~ ~ 3 ~ 1 ~
T =T 4 <5FT (ur, ) — 5FT(U;’—I, T"*1)> At, (A18)

where Fr(Uj, 7") is the temperature flux:
3(UT) v ] 9T
0x; " PrRe 8xj8xj'

Fr(U, T) = — (A19)
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