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Abstract—The objective of this paper was to perform laboratory modeling and direct numerical simulation of
a turbulent wind flow over a water surface under stable stratification conditions of the air boundary layer.
Laboratory and numerical experiments were carried out with the same bulk Reynolds (Re) and Richardson
(Ri) numbers, which first allowed direct comparison between measurements and calculations. A wind flow
with an air–water temperature difference of up to 20°C and a relatively low wind speed (up to 3 m/s) were
obtained in laboratory experiments in the wind–wave flume of the large thermostratified tank at the Institute
of Applied Physics of the Russian Academy of Sciences. This allowed a sufficiently strong stable stratification
with a bulk Richardson number of up to 0.04. The air velocity is obtained using both contact (a Pitot tube)
and particle image velocimetry methods. At the same time, the air temperature profile is also measured by a
set of contact probes. Analogous bulk Richardson and Reynolds numbers are prescribed in the direct numer-
ical simulation, where the turbulent Couette f low is considered as a model of the near water constant-stress
atmospheric boundary layer. The mean velocity and temperature profiles obtained in our laboratory and
numerical experiments agree well; they are also predicted well by the Monin–Obukhov similarity theory. The
experimental results state that sufficiently strong stratification, although it allows a statistically stationary tur-
bulent regime, leads to a sharp decrease in momentum and heat f luxes. For this regime it is demonstrated that
the turbulent Reynolds number for the boundary layer (based on the Obukhov length-scale and friction
velocity) satisfies the known criterion that characterize stationary strongly stratified turbulence.
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INTRODUCTION

In large-scale predictive weather and climate mod-
els, it is important to know the detailed parameters of
the small-scale processes in the near water atmo-
spheric boundary layer to correctly parameterize the
turbulent exchange that occurs there. Under the con-
ditions of a relatively small air–water temperature dif-
ference (a few grades) and a sufficiently strong wind
(from a few meters per second), the near-water
boundary layer f low may be considered turbulent and
weakly stratified and its parameters are well predicted
by the Monin–Obukhov similarity theory [1]. The
subcritical regime of sufficiently strong stable stratifi-
cation is of special interest in which the wind is statis-
tically stationary and turbulent, although the momen-
tum and heat f luxes can abruptly decrease in compar-
ison with the case of a weakly stratified f low. In

practice, the subcritical regime occurs, for instance,
under advection of the relatively warm continental
wind into the domain of a colder sea or lake water sur-
face in the spring season, when the water–air tem-
perature difference can be rather considerable (more
than 10°C) enough to make the stratification effects
more pronounced under sufficiently low winds (3 m/s
or lower) [2, 3]. The known field data and laboratory
experiments show that strong stable stratification
effectively weakens turbulent exchange of momentum
and heat in the boundary layer, compared with the
case of a weakly stratified turbulent boundary layer,
where the Monin–Obukhov similarity theory can be
applied [4]. The detailed experimental measurements
of velocity profiles and temperature of the stably strat-
ified boundary layer (from the case of weak stratifica-
tion to the case of strong stratification) were carried
out in [5]. In this laboratory experiment the airf low
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LABORATORY AND NUMERICAL MODELING 711
over a cold solid bottom was studied in a thermostrat-
ified wind channel. The bulk velocity of the f low U0
was from 0.8 m/s to 3 m/s, the temperature difference
between the air and the solid bottom ΔT varied from 46
to 57°C, the bulk Reynolds and Richardson numbers
were Re = O(104–105) and Re = O(0.1–1). The results
show that under the stable stratification the wind
velocity in the boundary layer normalized by the bulk
velocity decreases compared with the case of weak
stratified f low. The results also demonstrate a decrease
in the turbulent momentum flow when the stratifica-
tion increases. However, in this paper there were no
comparisons between the experimental results
obtained under the strong stratification conditions
and the prediction of the Monin–Obukhov similarity
theory.

In our previous works we studied a stably stratified
flow over a water surface with direct numerical simu-
lation (DNS) for a wide variety of bulk Reynolds and
Richardson numbers [6]. DNS does not require
parameterization and allows operation with all physi-
cally significant scales up to the characteristic scales of
viscous dissipation (i.e., up to the Kolmogorov scale).
For relatively small Richardson numbers, DNS
describes the statistically stationary turbulent regime
with the vertical velocity and temperature profiles that
conform to the Monin–Obukhov similarity theory.
We investigated the transition from the turbulent to
the laminar regime, dependent on both Reynolds and
Richardson numbers, and compared the results with
those given in [7]. In this work the laboratory and
numerical experimental data were collected and a spe-
cific DNS was carried out to analyze the transition
from the turbulent to laminar regime in terms of a tur-
bulent ReL number computed with the Obukhov
length-scale and friction velocity. The main result
obtained in [7] is that the stationary turbulent regime
is sustained if ReL < 100°, while in the opposite case
the f low becomes laminar. The results in [6] con-
firmed this criterion. Nevertheless, knowledge about
the threshold regime is incomplete; in this regime the
boundary layer can be considered as a statistically sta-
tionary turbulent regime and its behavior is described
by the Monin–Obukhov similarity theory dependent
on the stratification conditions. This study is aimed at
laboratory and numerical investigation of this regime.

We performed both laboratory and numerical sim-
ulations of the turbulent wind flow over a water surface
under the conditions of strong and weak stratifica-
tions. The laboratory and numerical experiments were
carried out with the same Ri and Re numbers, which
first allows comparison of the results of measurements
and DNS.

The paper is organized as follows: In the first sec-
tion we briefly formulate a prediction of the Monin–
Obukhov similarity theory for the case of weak strati-
fication of the boundary layer. In the second section
we describe the scheme of the laboratory experiment,
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measurement techniques, and the numerical simula-
tion procedure and compare their results. The Con-
clusions contains a discussion and inferences.

1. PREDICTION OF MONIN–OBUKHOV 
SIMILARITY THEORY FOR VELOCITY 

AND TEMPERATURE PROFILES 
IN THE CASE OF A WEAKLY STRATIFIED 

BOUNDARY LAYER
A stably stratified boundary layer is called weakly

stable when the statistically stationary turbulent
regime occurs despite the buoyancy effects [4]. In this
weakly stratified f low of the boundary layer, the
dependencies of the mean velocity U(z) and of the
deviation of the mean temperature from the reference
value in the vicinity of the surface, (T(z) – T0), on
height z are described by the Monin–Obukhov simi-
larity theory [1] in the domain of the constant turbu-
lent stress in the form:

(1)

(2)

where κ is the Karman constant, CU and CT are empir-
ical dimensionless constants, and Prt is the turbulent
Prandtl number. The typical values for the most of the
field and laboratory studies are κ = 0.4, CU = 2, CT ~
CU and Prt = 0.85. The turbulent temperature- and
velocity-scales denoted by u* (friction velocity, in
m/s) and T (in K) are expressed in terms of turbulent
momentum and heat f luxes τ and F as

(3)

where τ and F are taken at a sufficiently large distance
from the surface, where they approach their asymp-
totic values. The turbulent Prandtl number, Prt, is
determined by

(4)

The Obukhov turbulent length-scale L (in m) is
given by

(5)

where g is the free fall acceleration. Note that our defi-
nition of Obukhov scale L, see (5), does not contain
the Karman constant κ whereas the common version
of this scale  does contain κ in the denominator  =
L/κ. Hence, the second term in the right-hand side of
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Fig. 1. The scheme of the wind–wave f lume with equip-
ment and mounted contact measurement facilities.
Dimensions are given in centimeters: (1) wind-wave
flume; (2) vertical bearings; (3) reducer; (4) thermal mass
flow meter at the f lume inlet for parameter monitoring;
(5) wave suppressor; (6) is the water temperature sensor;
(7) Pitot tube on the scanning device; and (8) air tempera-
ture sensor.
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Eqs. (1) and (2) turn into  and

, where  and , respec-

tively.

In the case of an aerodynamically smooth f lat sur-
face, roughness lengths z0U and z0T are determined by
the common relationships (see, for instance, [1])

where ν is the kinematic air viscosity.

The bulk Reynolds and Richardson numbers are
given by

where δ is the characteristic height (thickness) of the
boundary layer, U0 = U(z = δ), and ΔT = T(z = δ) –
T0. We note that according to Eq. (1) the answer to the
question of whether the wind velocity increases or
decreases with respect to the bulk velocity with an
increase in the stratification influence (i.e., with
growth of Ri) depends on the behavior of both the fric-
tion velocity u* and the Obukhov scale L which are
determined by the turbulent momentum and heat
fluxes.
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2. THE LABORATORY EXPERIMENT, 
NUMERICAL CALCULATIONS, 

AND COMPARISON OF RESULTS

The laboratory experiment was performed on the
wind–wave f lume (WWF) installed in the large ther-
mostratified tank (LTST) at Institute of Applied Phys-
ics of the Russian Academy of Sciences. A detailed
description of the test rig was presented in [8]. The
principal scheme of the experiment is depicted in Fig.
1. Measurements were carried out for two cases: the
strong and weak stratifications of the wind flow. To
model the stable stratification of the boundary layer,
the inlet wind flow was pre-heated to 35°C; the tem-
perature of the water surface was kept constant, 15°C.
Such a regime could be sustained, because the entire
water volume in the basin of the LTST is large
(approximately 120 m3) and the area occupied by the
WWF is only 4 m2 (less than 5% of the entire area of
the LTST basin). Therefore, the water heating via the
wind was negligible during the experiments. Thus, the
bulk temperature difference between the air and water
under the weak stratification was 4°C, under strong
stratification, approximately 20°C. In both cases the
bulk wind velocity was in the range of 2–3 m/s. Such
conditions of the laboratory experiment provide values
of the bulk numbers in ranges Re ≈ 40000–60000 and
Ri ≈ 0.01–0.04, respectively. The profile of the mean
wind velocity was measured in the operating section
placed at a distance of 7.5 m from the entrance into the
wind–wave flume with a Pitot tube mounted on the
scanning device (Fig. 1). The film thermometer was
set near the Pitot tube on the scanning device, which
allowed measurement of the profile of the mean air-
flow temperature. To reduce the statistical error, pro-
file averaging by five different experimental samples
was performed.

The Pitot tube gives only the mean characteristics
of the airf low velocity, which does not allow one to
obtain information about the f lux of the turbulent
momentum (the shear turbulent stress). To measure
wind velocity fields we used a method based on visual-
ization of the f luid and gas f lows, that is, the particle
image velocimetry method. The general scheme of the
PIV method (Fig. 2) is based on the use of continuous
laser illumination and is similar to the one employed
in [8]. To visualize the airf low in the first section of the
wind–wave flume, polyamide particles with a size of
20 μm (Fig. 2) were injected in the airf low. In the
operating section (at 7.5 m from the f lume beginning)
a vertical laser knife was formed in the middle of the
flume along the wind direction. The motion of parti-
cles in the area of the laser knife was fixed with a Vid-
eoscan (Videosprint) high-speed camera (with a
shooting speed of 3012 s–1, an exposure time of 100 μs,
a frame size of 1280 × 166 pixels (250 × 32 mm), and
a scale factor of 195 μm/pixel). For every regime
20 recordings were made with a duration of 0.5–2 s for
each recording. The instantaneous velocity fields were
ERSITY PHYSICS BULLETIN  Vol. 73  No. 6  2018
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Fig. 2. A transverse section of the f lume: 1 is a continuous
laser; 2 is the water surface; 3 is a laser knife; 4 is the wind
direction; 5 is PIV particles; 6 is the underwater part of the
flume; and 7 is a high-speed camera.
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obtained with cross-correlation analysis of the dis-
placements of particles in the consecutive frames. We
utilized the subpixel three-point interpolation of the
cross-correlation function spike to make the displace-
ment (velocity) determination more accurate. The
obtained instantaneous velocity fields were filtered via
the difference between the local velocity value and the
mean value at a given height. The profiles of the mean
velocity were obtained by averaging the filtered veloc-
ity fields by time and horizontal coordinate. The mean
velocity fields were employed to assess the field of
velocity f luctuation which was then averaged in a sim-
ilar manner. Thus, for every recording we obtained the
mean velocity profiles and the momentum flux. The
resolution along the vertical coordinate was approxi-
mately 2.5 mm. The direct numerical simulation of the
stably stratified Couette f low was carried out under the
same Reynolds and Richardson numbers as in the lab-
oratory experiment. The numerical experiment
parameters were identical to the laboratory ones. Car-
tesian coordinates were chosen such that the x axis is
oriented along the wind flow, the z axis is directed ver-
tically, and the y axis is perpendicular to the airf low.
We took the periodic boundary conditions along the x
and y axes. The no-slip boundary conditions were pre-
scribed for the upper and lower horizontal boundary
planes divided by the distance D and moving in oppo-
site directions along the x axis with velocities ±0.5U0.
The conditions of stable stratification were achieved
using the temperature T = T0 at the lower boundary,
and by using T = T0 + ΔT, where ΔT > 0, at the upper
boundary. Since the bulk wind velocity in the labora-
tory experiment is comparatively small (less than
3 m/s) the surface wind waves were practically absent
and the water surface remained aerodynamically
smooth. Therefore, when using DNS we also consid-
ered the aerodynamically smooth (flat) water surface.

The numerical algorithm was based on integration
of the full three-dimensional Navier–Stokes equa-
tions for an incompressible f luid under the Boussinesq
approximation (see [7]). The governing parameters in
DNS were the bulk Reynolds and Richardson num-
bers given by

In DNS we took Re = 60000 and Ri = 0 for the
non-stratified case and Re = 40000 and Ri = 0.04 for
the stratified one, which corresponded to the condi-
tions of the laboratory experiment. The organization
of the DNS procedure was similar to the material dis-
cussed in [7]. The velocity field in DNS was prescribed
as a weakly velocity-perturbed Couette laminar f low
and the initial perturbation of the temperature field
was set equal to zero. The integration was performed
until the time of the settling of the statistically station-
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ν
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ary regime. Samples were then taken for the velocity
and temperature fields, by which the mean vertical
profiles were calculated with averaging over time and x
and y coordinates.

In Fig. 3 we show the comparison of the mean
velocity and temperature profiles obtained in the lab-
oratory and numerical experiments and the profiles
that were expected theoretically from Eqs. (1)–(5).
The velocity experimental profiles are normalized by
the maximum (bulk) velocity U0 = U(z = H0) which is
achieved at approximately the middle of the f lume at a
height z = H0 ≈ 24 cm. The air temperature profiles
with respect to the water surface are also normalized
using the bulk temperatures ΔT(H0). The profiles
obtained in DNS are in turn normalized by the mean
velocity and temperature in the middle of the compu-
tational area under z = 0.5D.

Figure 3 demonstrates the very good agreement
between the laboratory, numerical, and theoretical
results within the Monin–Obukhov similarity theory.
We note that the illustrated agreement was obtained
for the value CT = 6. From Fig. 3 it is also seen that the
stratification intensification leads to a decrease in the
mean velocity compared with the bulk velocity over
the entire boundary layer thickness.

We also note that the heat f lux in the laboratory
experiment was not measured. We utilized the heat
flux from the numerical experiment to predict the
solution by the Monin–Obukhov similarity theory.
However, since the DNS parameters were prescribed
on the basis of the laboratory experiment data and the
 No. 6  2018
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Fig. 3. The vertical profiles of the mean velocity (a) and temperature (b) for weak and strong stratified boundary layers over a
smooth water surface obtained in the laboratory experiment (symbols) and in DNS (black dashed lines). The prediction of the
Monin–Obukhov similarity theory is denoted by the gray dashed line.

10.10.01

1.2
〈U 〉/U0 〈T − T0〉/ΔT

z/H0

0.001

0.8

0.4

0
1

Exp., Ri = 0.008, Re = 60000
DNS, Ri = 0.008, Re = 60000
Exp., Ri = 0.040, Re = 40000
DNS, Ri = 0.040, Re = 40000
MOST

0.10.01

1.2

z/H0

0.001

0.8

0.4

0

(a) (b)
figure shows good agreement between the numerical
and laboratory experiments for velocity, as well as for
temperature, we may conclude that the Obukhov scale
in DNS is close to its value in the laboratory experi-
ment.
MOSCOW UNIV

Fig. 4. The vertical profile of the turbulent f low of the
momentum normalized by the square of the bulk velocity
τ/  obtained in the laboratory experiment at a weak
stratified regime with Ri ≈ 0.008 (squares) and the relative
decrease in momentum flow Δτ/ , which was also
obtained in the laboratory experiment and in the DNS
with Ri ≈ 0.04 (circles and dashed line, respectively).
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The flow realized in DNS reflects the case of a sta-
tistically stationary turbulent regime of the stratified
boundary layer according to the criteria from [6]. The
authors of this work collected the known laboratory
and numerical data and performed their DNS to ana-
lyze the transition between the turbulent and laminar
regimes in terms of the turbulent Reynolds number,
ReL, expressed through the Obukhov length-scale and
friction velocity as

The main result obtained in [6] is the statement
(deduced by asymptotic analysis) that the stationary
turbulent regime is sustained if ReL > 100. In the
opposite case the turbulence decays and the f low
become laminar. In our DNS computations u* ≈
0.018U0 and L ≈ 0.37D; therefore, ReL ≈ 270.

Figure 4 presents (i) the vertical profile of the tur-
bulent momentum flux normalized by the square of
the bulk velocity τ/  obtained in the laboratory
experiment under the weakly stratified regime with
Ri ≈ 0.008 and (ii) the relative decrease in the momen-
tum flux Δτ/  obtained in the laboratory experiment
and in DNS for Ri ≈ 0.04. The figure demonstrates a
considerable decrease in the f lux of the turbulent
momentum (more than 50%) under the conditions of
strong stratification.

CONCLUSIONS
We carried out a laboratory experiment and direct

numerical simulation of the turbulent wind flow over
a water surface under the conditions of stable stratifi-
cation. We performed both experiments with the same
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bulk Reynolds and Richardson numbers, which
allowed direct comparison of the results. In both stud-
ies we investigated the cases of weak and strong strati-
fication. For strong stratification the temperature dif-
ference between the water and air approached 20°C in
the laboratory experiment and the wind velocity was
approximately 3 m/s. This allowed the achievement of
a comparatively large value of the bulk number Ri ≈
0.04 and the corresponding bulk number Re ≈ 60000.
We measured the wind velocity using contact (the
Pitot tube) and noncontact (PIV) methods. Simulta-
neously, we measured the air temperature using a
group of contact sensors. The same bulk Reynolds and
Richardson numbers were used for the direct numeri-
cal simulation, in which the turbulent Couette f low
was a model of the near-water boundary atmospheric
layer with constant stress.

The results of the laboratory experiment and DNS
demonstrate good agreement with each other and with
the prediction of the Monin–Obukhov similarity the-
ory. While in the strong stratification case an abrupt
decrease in turbulent momentum and heat f lux is
observed, the prediction of the Monin–Obukhov sim-
ilarity theory is nevertheless a good approximation for
profiles of the wind velocity and temperature.
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