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Abstract

This paper describes laboratory experiments (using a high-speed wind-wave flume) of the effects of
water waves on heat and momentum exchange in the near-water atmospheric boundary layer at
high wind speeds. Different from previous experiments of this type, the parameters of waves were
controlled by a net stretched along the entire channel to effectively decrease the fetch. This helped
to achieve dependency of the transfer coefficients on two independent parameters, namely the wind
speed and fetch. Another key to the experiment was using a stable temperature stratification of the
air flow, with the temperature of the air entering the flume 15-25 degrees higher than the water.
The experiments showed a sharp increase in the heat exchange coefficient at winds exceeding 33—
35 m/s, similar to that observed earlier in the high-speed wind-wave flume of Kyoto University
with conditions of unstable temperature stratification of the air flow. The joint analysis of the data
obtained in the high-speed wind-wave flumes of IAP RAS and Kyoto University yields the
universal dependency of the exchange coefficients and the temperature roughness on the peak wave
number of surface wave spectra. This is independent of the type of temperature stratification of the
atmospheric boundary layer, either stable or unstable. The sharp increase in the heat exchange
coefficient is shown to be associated with increased whitecapping.

Plain Language Summary

The heat-moisture ocean-atmosphere exchange, forces acting at the air-water interface, are critical
factors determining weather and climate. They are quantified by fluxes, the amounts of heat,
moisture, or momentum entering the atmosphere from a unit ocean surface in a unit time. The
fluxes are entered directly into atmosphere-ocean circulation models used for climate studies and
weather prediction. One of the important questions is the effect of wind waves on air-sea fluxes,
especially on the heat exchange, while the largest uncertainties occur at high winds, where reliable
data is needed for the prediction of sea storms. This paper describes laboratory experiments in a
high-speed wind-wave flume, where the effects of water waves on heat and momentum exchange
in the near-water atmospheric boundary layer at high winds were studied. The experiments were
conducted in stable atmospheric stratification when water is colder than air. We observed sharp
increase in water-air heat transfer correlated with increased whitecapping at wind speeds exceeding
30-35 m/s, similar to that previously observed in experiments at unstable air stratification when the
water was warmer than air. The increase in ocean-atmosphere heat transfer caused by the presence
of whitecapping may be a mechanism of rapid intensification of ocean storms.

1 Introduction

The correct representation and parameterization of the fluxes of momentum, heat, and
moisture are some of the most essential issues in modeling atmosphere and ocean coupling in
meteorological and oceanographic research (Jones & Toba, 2001). The turbulent exchange of
energy and momentum between ocean surfaces and the atmosphere to a large extent control the
energy and water cycle and general circulation of the ocean and atmosphere. At the boundary-layer
scale, the turbulent fluxes control the generation of waves and development of the upper ocean
mixed layer and atmospheric boundary layer, including conditions of tropical cyclones and storms.

In numerical models of atmosphere and ocean circulation, the air-sea turbulent
fluxes of momentum, <u’w’> =u;, heat <T ’w'> =u,1., and moisture <q'w'> = g.u, are expressed via

formulas through the bulk parameters of the atmospheric boundary layer measured at a reference
level (usually H,0c=10 m above the water surface): the 10 m wind speed U, the difference between
the 10 m air and water temperature 47}, and the difference of relative moisture at the water level
and 10 m above the water surface 4q;:



(u'w')=C,U,
<T'W’> = CU AT, (1)
<q'W’> =C U )Aqy,

The dimensionless exchange coefficients, drag coefficient Cp, the Stanton number
Cr, and Dalton number Cy all can depend both on wind speed and density stratification of the
marine atmospheric boundary layer (MABL) and the effective roughness of the water surface. The
heat and moisture transfer coefficients are usually considered equal (Fairall et al., 2003). The
validity of this supposition at high winds was recently shown in experiments by Komori et al.
(2018). Below, only the Stanton number and drag coefficient will be considered.

According to the Monin-Obukhov similarity theory (Monin & Yaglom, 1965), the vertical
profiles of velocity and temperature in a stratified MABL are:
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is the Monin-Obukhov length scale (Monin & Yaglom, 1965), Pr, is the turbulent Prandtl
number defined as:
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where zjand z,, are the aerodynamic heat roughness heights. The functions
D ( z/ L) =P, ( z/ L) tend to 0, when z/L — 0, then following from Egs. (2) and (3) the velocity
and temperature profiles u(z)and 7'(z) are logarithmic for z << L.

It follows from comparing definitions for the exchange coefficients (Eq. 1) with
expressions for the velocity (Eq. 2) and temperature profiles (Eq. 3), that the C, and Cr depend on
the characteristics of the stratification of the MABL, defined by the Obukhov scale, and on the
properties of the underlying surface parameterized by aerodynamic roughness height. A convenient
expression for the latter includes the coefficients of turbulent exchange at neutral stratification:
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Egs. (5) and (6) can be regarded as alternative definitions of the aerodynamic roughness
parameter z,and the temperature roughness z; .



Parameterization of roughness parameters or the exchange coefficients used in the models
of atmospheric circulation is reduced to their dependency on wind speed (Yelland & Taylor, 1996)
and in the advanced models (Lykossov, 2002) on the wave age. The problem of dependency of the
exchange coefficients in MABL on wind speed is closely connected with the question of the
influence of surface waves and spray, i.e. the products of wind-forcing on the exchange of the
momentum and mass between the atmosphere and ocean. The effect of waves on the momentum
transfer has been studied intensively (see, for example, Janssen, 1989, Makin et al., 1995, Makin &
Kudryavstev, 1999, Troitskaya et al., 2008, Makin & Mastenbroek, 1996, Moon et al., 2004,
Troitskaya et al 2012, Troitskaya et al, 2016, Troitskaya et al, 2017, Troitskaya et al, 2018a,
Troitskaya et al, 2018b, Takagaki et al, 2012, Takagaki et al., 2016, Husain, N.T., T. Hara, M.P.
Buckley, et al., 2019, A. Ayet, et al., 2019 and references therein). It has been shown that the
momentum transfer by wave disturbances, or the form drag, increases with increasing wind speed
due to the widening of the wave spectra. The decrease of the turbulent momentum flux near the
water surface leads to the decrease of the wind speed at the standard height and increase of the drag
coefficient and the surface aerodynamic roughness parameter.

The influence of wave disturbances on the heat transfer is weaker than on the momentum
transfer—at moderate wind speeds the heat flux controlled by wave-induced disturbances is a
fraction of the percentage of the turbulent heat flux (see a discussion of this issue, for example, in
(Troitskaya et al., 2013). As a result, the effect of waves on the temperature roughness zyr is
practically negligible; the temperature roughness is mostly determined by the molecular transfer
and decreases with the increase of the wind friction velocity according to Liu et al. (1979). Then,
one can see from Eq. (6), that the increase of the heat exchange coefficient Cryio(U,o) with the
increase of the wind speed can be associated only with the increase of the aerodynamic sea surface
roughness mainly due to an increase of the waveform drag as assumed by the theoretical models of
Makin & Mastenbroek (1996) and Makin (1998).

The experimental data confirm weaker dependence of the heat transfer coefficient Crioy on
wind speed compared with Cpyi0(Uio) (see Fairall et al., 2003, and Ocampo-Torres et al., 1994)),
but the character of the dependence is different in different experiments. Several studies (e.g., the
algorithm COARE 3.0 [Fairall et al., 2003], field data [Brut et al., 2005], and laboratory data
[Ocampo-Torres et al., 1994]) indicate weak growth of Cry with increasing wind speed Uj. Also,
a weak dependence of the enthalpy transfer coefficient on the wind speed was found in the recent
laboratory experiment by Jeong et al. (2012), who studied heat transfer at the strong wind speeds.
Drennan et al. (2007) did not find a dependence of Cr;gv on wind speed. On the contrary, in a recent
work by Komori et al. (2018), a sharp increase in the coefficients of heat and moisture exchange at
wind speeds exceeding 35 m/s was experimentally shown, with the aerodynamic resistance
coefficient saturated. Komori et al. (2018) explained the observed phenomenon by the effect of
wave breaking. In contrast to Makin & Mastenbroek (1996) and Makin (1998), as the simultaneous
saturation of the surface drag coefficient and increase of the heat exchange coefficient indicates, the
temperature roughness sharply increased with the increase of the air flow velocity. These results
indicate that the air-sea heat exchange essentially depends on the thermal properties of the water
surface.

The purpose of this study is a detailed experimental investigation of the influence of the
small-scale features of water surface disturbances (short waves, wave breakers, whitecaps) on the
heat and momentum exchange in the atmospheric boundary layer. We focused specifically on the
effect of the water surface disturbances on the heat transfer coefficient, which can be both indirect
and direct. The indirect effect comes from the increase of turbulent mixing by the aerodynamic
surface roughness and is described by the surface drag coefficient in Eq. (6); the direct effect comes
from the contribution of the sea surface disturbances to the air-water heat flux and is described by
the temperature roughness in Eq. (6). Simultaneous measurement of the momentum and heat
transfer coefficients allows us to separate the direct and indirect effects and to examine whether the
temperature roughness is affected by the water surface disturbances. Alternatively, contrary to the



experiments by Jeong et al. (2012) and Komori et al. (2018), the water temperature was lower than
the air temperature. Other differences are the use of artificial wind speed and controlling
parameters of waves at certain wind speeds. This helped to describe the dependency of the transfer
coefficients on the wind speeds for a wider range of the parameters of the water surface
disturbances.

The paper has the following structure. In Section 2, the experimental setup and a scheme of
the adjustment of the aerodynamic surface roughness independent of the wind force are described.
Section 3 is devoted to a description of the measuring of the transfer coefficients by a profiling
method. The method of retrieving 3D spectra of the waves and estimation of the amount of the
spray in the boundary layer are described in Section 4. In Sections 5 and 6, the dependency of the
transfer coefficients on the parameters of wind flow and the water surface disturbances are
presented. The results are discussed in Section 7.

2 Methods
2.1 Facility and equipment

The experiments were carried out in the Thermostratified Wind-Wave Tank (TSWiWaT) of
IAP RAS. The detailed description of this experimental facility and the principles of creating and
controlling the air flow are given by Troitskaya et al. (2012). The general scheme of the
experiments is shown in Figure 1a. The airflow channel is 10 m length of 0.4 x 0.4 m cross-section
above the water surface. The airflow is created by a centrifugal fan MSB-2-560/80-1850T
(produced by Ventur, Sweden). The air flow rate is prescribed by the fan frequency of rotation f
ranging from 7.5 to 50 Hz. The airflow velocity at the axis of the channel is proportional to f and
varies from 8.8 m/s to 19 m/s, which corresponds to the 10-m wind speed 10-35 m/s (see Figurelb).
To create the temperature stratification of the surface layer of the wind, the air entering the channel
was heated to 3040 °C (depending on the air flow rate). The temperature on the water surface in
all the experiments was maintained constant at ~15 °C.
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Figure 1 (left panel) General scheme of the experiments—the embedded measurements are in cm:
(1) Wind-wave flume body; (2) channel bearings; (3) convergent diffusion section with a
honeycomb; (4) hot film anemometer at the entrance; (5) a net along the channel installed at the
different depths; (6) wave absorber; (7) the Pitot tube on a scanning system; (8) hot film
anemometer on the same scanning system; (9) three-channel wire wave-gauge; and (10) a gauge for
water temperature measurements. (right panel) The air volume flux via the fan rotation speed.

A special feature of this experiment is the ability to control surface waves irrespective of the
speed of the wind flow in the channel. For this purpose, a plastic net 0.25 mm thick with a mesh of
1.6 x 1.6 mm was stretched along the entire channel. The net did not affect the heat exchange, but



the characteristics of surface waves varied depending on the net depth (%,.), which varied from 0
(the undisturbed water surface) to 33 cm. The waves were strongly suppressed at 4,., = 0 and 4, =
33cm, and it had practically no effect on the parameters of the waves for all wind speeds under
consideration.

Velocity and temperature profiles in the working section of the flume (6.5 m from the
entrance channel) were measured simultaneously by the Pitot tube and hot film gauge installed on
the vertical scanner. respectively. The L-shaped Pitot tube with a differential pressure transducer
(Baratron MKS 226 A) provided an accuracy of velocity measurement of 3 cm/s. The accuracy of
temperature measurements with the hot film was 0.1 °C. The velocity and temperature profiles were
measured by a scanning method with the height step 3—5 mm and the data accumulating 2 minutes
at each point. For each fixed wind and depth of the net parameters, two profiles of velocity and
temperature were measured for subsequent averaging. The lower level of scanning was located 1
cm above the wave crests and depended on the wind speed, whereas the upper layer was 38 cm (2
cm below the ceiling of the channel). The temperature and wind speed at the inlet of the flume were
controlled with the additional hot film gauge. The temperature gauge was also positioned under the
water in the working section to measure the temperature of the water surface layer.

The wind-wave field parameters in the flume were measured by an array of three-wire
gauges positioned in the corners of an equilateral triangle (2.5 cm sides); the data sampling rate was
100 Hz.

2.2 The retrieval of the parameters of the air boundary layer

2.2.1 The retrieval of the momentum flux and aerodynamic roughness

To determine the parameters of the atmospheric boundary layer in our previous experiments
Troitskaya et al. (2012), we used an algorithm that generalizes the model of the boundary layer near
a flat surface by Coles (1956). It is well known that the boundary layer on a smooth flat plate is

composed of the viscous sub-layer having a thickness of about 6, =V, /u. (less than 0.1 cm),
positioned above the layer of constant fluxes having a thickness of about 0,156, where 9 is the
boundary layer displacement thickness. The “wake” part of the turbulent boundary layer was
located higher up on the border of the displacement layer. In a turbulent boundary layer over a
waved surface, an additional layer is generated, in which there is a transfer of
momentum from the airflow to the wave perturbations on the water surface and the
sum of turbulent and wave momentum fluxes is constant:

vis

Tturb (n) +Twave (77) = pau*z P (7)

where p, is the air density and T, (1) decreases with increasing distance from the

wave

boundary on a scale which, according to Belcher et al. (1993), can be determined from the

following relationship:
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where V,andk are the phase velocities and the wave number corresponding to the

frequency of the peak of the elevation surface spectrum, respectively. The numerical values of the
parameters of wind and waves in the flume (that are obtained as shown below) give an estimate of
kh,,.~0.1 (see also Makin et al., 1995). Here, the condition /2, < 0,158 is observed and within

the layer of the constant momentum flux there is a layer of constant turbulent momentum flux

wave



T,,(M) = p,ul, in which the velocity depends on the vertical coordinate (logarithmically). As a

rule, in wind tunnels and wind-wave flumes, the thickness of the layer of constant fluxes is very
small, for example, in our flume, it was ~3 cm. The measurement of the wind speed and
temperature at such a small distance from the surface of the waved water surface (especially at
strong winds) is a difficult problem, mainly due to the effect of spray from the wave crests. The
approach of Troitskaya et al. (2012) was based on the property of self-similarity of the profiles of

velocity defect in the near-wall turbulent flows:

Uma"_U(Z)=F(i)’ ©)
U, 0
where U, is the maximum velocity in a turbulent boundary layer.

Here we apply an alternative approach based on the use of integral quantities in the
boundary layer described by Abramovich (1969). As will be shown below, the obtained boundary
layer parameters are close to those yielded by the approach by Troitskaya et al. (2012).

The equation of balance of the horizontal component of the momentum in the
boundary layer can be derived from the equation of the turbulent boundary layer:

au'w'
v Uy e AU (10)
ox 0z dx 0z
and using the condition of incompressibility
v + W _ 0 (11)
ox 0z
Identical transformations of Eq. (10) with the use of Eq. (11) give:
aUu-U, au-U au'w'
U ( maX)+W ( max]+(U_Umax)dUn1mx - _ < > (12)
dx 0z dx 0z
Integration of Eq. (12) from the water surface to the thickness of the boundary layer 6,
yields
d "’ ds du,.. "
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This equation coincides with the balanced equation for the horizontal component of the
momentum in the boundary layer, derived in the textbook by Abramovich (1969) with the use of an
alternative approach. He used convenient notations where

o, Ulz)
O.=|1-——dz - 14
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is the boundary layer displacement thickness and

T "

max max

is the boundary layer momentum thickness.

The second and the third terms in the left-hand side of Eq. (13) are zero, because
U ( 5) =U,... We also consider that the right-hand side of Eq. (13) is the sum of two terms. The

max



first one is the turbulent momentum flux divided by p,. The second term is the momentum flux
associated with the turbulent-averaged flow and is also divided by p,. At the water surface, it is
determined by the wave disturbances induced in the air flow by the waves at the water surface. The

sum of these two terms is equal to u. according to Eq. (7). Taking this into account Eq. (13), it can
be written as:

2 2
d(Umax(S**) + 6* dUmax (16)
dx 2 dx

The advantage of the integral method for retrieving the parameters of a turbulent boundary
layer is its robustness compared to the profiling method used by Troitskaya et al. (2012). The main
source of errors in the profile method is the uncertainty in determining the boundary layer
thickness, 6, that is determined from the approximation of the velocity profile in the “wake” part of
the boundary layer. This value depends on the choice of the interval, over which the approximation
is performed, especially with noticeable errors in the velocity measurements that are always present
in turbulent flows. Also, the uncertainty in 6, the upper limit in Eqs (14) and (15), only slightly
affects the values of the integrals, since the integrand near the upper limit of integration is close to
Zero.

U, =

To determine the dynamic velocity from Eq. (16), a special series of measurements were
carried out in which the velocity profiles were measured in different sections of the channel at 4.5
m (5th section), 6.5m (7th section), and 7.5 m (8th section). To calculate the integrals in Eq. (14)
and Eq. (15), values of the flow velocity up to z = 0 are required. Since measurements at such
distances from the surface were not performed, extrapolation of the velocity profiles in the
integrands of Eq. (14) and Eq.(15) took into account the self-similarity of the velocity defect profile
Eq. (9). The approximation of the velocity profile U(z) in Eq. (9) was like Troitskaya et al. (2012):

(yIn(z/8) +a);2/8 <0.15 (17)
+

max

~B(1-2/8);2/8 >0.15

The parameters U,..., 5, and & were retrieved from the 2nd-order polynomial approximation
of the measured velocity profile. The parameters o and y were calculated from the smooth
matching of the logarithmic function with the polynomial approximation of the velocity profile at

z/6 =0.15 and the condition U(zo) =0 at a certain z, <<0.156 . Here z, =0.1 mm was chosen.

The dependence of the integrals in Egs. (14, 15) on the choice was very weak (no more than 5%
when z, changed by an order of magnitude) because the thickness of the constant flow layer is a
small part of the thickness of the boundary layer. Using the constructed approximations, the
integrals in Egs. (14, 15) were calculated as were the derivatives included in Eq. (16). Figure 2
shows the calibration curves for this laboratory setup, which were used to determine the friction
velocity. The calibration curves were approximated by power functions:

d|U2,0

™ - _ 4(v2,8.)"
2
% = A2 ( l]riax)m2

Here A,/= exp(-2.3+0.4), m;=1.2+0.2, 4= exp(-5.4+0.6), and m,=1.6+0.1, with the velocity
expressed in m/s and the sizes in m. The standard error of the regression u. is ~0.2 m’s?. Using the

obtained calibration curves, the friction velocity can be retrieved by Eq. (16) from the measured
velocity profiles in one section. To find the roughness parameter in the logarithmic velocity profile
in the layer of constant fluxes:



where the value of the air flow velocity, U(z.), at the upper boundary of the layer of

constant fluxes, z. =0.156, was used. The value U ( Z*) was either directly measured (if the wave

crests were below z+) or extrapolated following the polynomial approximation of the airflow
velocity profile measured in the “wake” part of the boundary layer. Then the equivalent wind speed

at an arbitrary height z is:
U(z) =ﬁ1n(i)+U(z*) (18)
K |z

The 10-m air flow velocity U,, was calculated at the standard height z = H,, = 10m by Eq.
(18), and the drag coefficient of the water surface was:
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Figure 2 The auxiliary calibration curves retrieving u. . Points are the experimental data and

curves are the power approximations.
The dependence Cmo(Um) obtained using this integral method is compared in Figure 3

with the dependence obtained in Troitskaya et al. (2012) using the profiling method—both methods
give similar results. Both datasets are in close agreement with the data of Donelan et al. (2004).
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2.2.2 Retrieving of the heat flux and the temperature roughness

A similar integral method was used to retrieve the values of the heat transfer coefficient and
temperature roughness from the measured velocity and temperature profiles in the channel. Similar
to the velocity, the profile of the temperature defect is self-similar:

AT, -AT|z) ol 2
e ols)

Here AT (z) =T(2)-T(0), AT, =T,.. —T(0),and T (0] isthe water surface temperature.

For the approximation of the self-similar dependence for the profile of the temperature
defect, we used an expression similar to Eq. (17):

T*(—lpr,ln(z/ar) +aT);z/aT <0.15
AT —AT(z) = K
max

B, T.(1-218,)";2/8,>0.15

The turbulent Prandtl number Pr, was taken as 0.85 following Zilitinkevich (1987). This
value was also confirmed by direct numerical simulation of the turbulent boundary layer above the
waved water surface following Druzhinin et al. (2015).

The integral equations of heat balance in a stratified boundary layer were derived from the
stationary differential equation for the temperature averaged over turbulent pulsations, which can
be written as:

(AT - AT d(| AT - AT oTr'w'

2 ), 0l ) __alrw)

max max

ox 0z 0z

Given the incompressibility condition, this equation transforms into the divergent form:

U (AT - AT, ) +aW(AT—A _ o) 20)
ox 0z 0z

Integrating Eq. (20) from the surface of the water to the boundary layer thickness, 9, gives

max )
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We take into account that the gas temperature at the upper boundary of the boundary layer
is equal to the unperturbed one and the right-hand side of Eq. (21) is the total heat flux equal to the

sum of the turbulent (T, (1)) and wave (T_,(17) ) heat fluxes, similar to Eq. (7):

T[{{rb (n) +Tv7t:ave (TI) = u*T:“ b

introducing the notation:

4]
LU
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Which yields for Eq. (21):
d\U,_, AT, ..
uT. = | e (23)
dx

Integrating Eq. (23) over x from the entrance to the canal to the 7th working section, located
at a distance of L; = 6.5 m, gives the average value of the heat flux on the water surface as follows:

(Ui AT Oune)

max

uT, = =l (24)
L

7

It was taken into account in deriving Eq. (24) that the homogeneous gas with the constant
=0. When

calculating the integral (22), the extrapolation of the velocity and temperature profiles was similar
to that used in the calculation of the integrals in Egs. (14, 15).

temperature enters the channel inlet, so that A7 =AT7, ., and as a result O..|

To determine the temperature roughness parameter in the logarithmic part of the
temperature profile in the layer of constant fluxes:

K

AT(z) =£Prln(i) (25)

an approach like that applied in calculations of the aerodynamic roughness parameter. Then
the temperature difference between a certain level z and the water surface was:

K Zp

AT(z)=Top; ln( z )+AT(ZT*) (26)
where z,. =0.158, and AT(z,.) is the temperature difference between the level z,. and

the water surface—which was either directly measured, if the wave crests were below z,.., or
extrapolated following the polynomial approximation of the temperature profile measured in the
“wake” part of the boundary layer.

Using Eq. (26) for calculating the temperature difference between the surface water and air
at a standard height H,,~=10 m and Eq. (18) for U,, gives then the Stanton number:

u.T. (27)

CTION =
UlOATlO



It follows directly from Eq. (25) that:
I. K (28)

AT(HIO) ) Pr ln(Hlo)
t

Zor
which depends only on temperature roughness. The dimensionless parameter Eq. (28) is
usually used instead of the dimensional temperature roughness.
Comparing Egs. (19), (27), and (28) easy gives:

71 ) V CDION (29)

Co. =
T10N AT(H“)

Eq. (29) is useful for the analysis of the dependency of the Stanton number, the parameter
of temperature roughness, and the coefficient of resistance of the wind and waves.

2.3 Quantifying characteristics of the disturbed water surface

The three-dimensional, space-time spectra were obtained from the measured elevations of
the water surface in three points by the algorithm FDM (Fourier Directional Method) described in
detail by Troitskaya et al. (2012). The algorithm is like the Wavelet Directional Method (WDM)),
suggested by Donelan et al. (1996).

Also, the simultaneous measurement of water elevation 7(x,y,f) at 3 close points (x;,1),
(x2,2), (x3,y3) enabled us to retrieve the two components of the slope of water surface, & and &, by
the following equations:

g = (Ayl,S - Ayl,Z) /A,

Ey = (AJ’1,2 - Ay1,3) /A,
A= Axl,szm - A‘xl,SAyl,2>

and to construct the two-dimensional slope probability density function (PDF) of the water
surface P( Ex,?g‘y) . Using the slope PDF, one can find the mean square slope (m.s.s.) of the water

surface:

ms.= [ [(8+8)P[&.8 |as.ag,

—00 —00

The function P (Ex,gv) was used to quantify the intensity of the wave breaking as a

probability of exceeding the threshold angle 0,, =30.37° (see Longuet-Higgins & Smith, 1983):

Fr= [ P\&,.& | d& dE, (30)
&2 +§§ >tan@,,

The parameters of the air flow (friction velocity and 10-m wind speed), the characteristics
of the wave field (significant wave height, m.s.s., and the peak wave number and frequency of the
surface wave spectrum), the control parameters of the experiment (the fan rotation rate and control
net depth), and the number of experimental runs for each set of the parameters are given in Table 1.



Table 1. Parameters of the Experiment (average values and 95%-confidence intervals)

F,s (N |hu, |us, m/s Uy, m/s |m.s.s. H, m k,, m"! W,y s~ Crion(10%) | Fr(%)

! cm

20 |2 |0 0.43+0.01 [13.4+0.1 |[N/A N/A N/A N/A 0.94+0.09 0

20 (1 (10 |041 13.1 N/A N/A N/A N/A 0.92 0

20 (3 [15 |045+0.05 |13.4+0.1 [0.020 0.74 0.88 33.0 1.07+0.10 0

20 (4 [3.0 |0.50+0.02 [13.8+0.3 [0.038+0.006 |1.4+0.3 |0.53+x0.2 |24. x4 1.15+0.03 0.005+0.006
20 |1 |45 |0.51 13.9 0.042 1.6 0.43 22. 1.15 0.037

20 |3 [6.0 |050+0.02 |13.8£0.2 [0.044+0.01 [1.8+0.2 |041+0.2 [22.+1 1.15+0.11 0.052+0.036
20 [1 (9.0 049 13.9 0.040 1.7 0.41 22. 112 0.032

20 |1 [33. |0.50 13.9 0.045 1.9 0.40 22. 1.11 0.066

25 (2 |0. 0.55+0.2 [17.0«0.1 |N/A N/A N/A N/A 0.92+0.03 0

25 (2 [15 06402 |17.7«0.1 [0.020+0.002 [0.79+0.03 | 0.87+0.05 |34.0+3 1.10+0.08 0

25 (3 [3.0 |0.72+0.06 |18.70.9 [0.04+0.01 14+0.3 |0.46+0.05 |22.0+2 1.14+0.04 0.027+0.023
25 |3 |45 |0.79+0.06 |18.9+0.9 [0.05+0.01 2.0£0.3 |0.36+0.05 |19.4+0.6 1.133+£0.12 |0.14+0.13
25 (2 [6.0 |0.70+0.06 |18.6+0.6 [0.06+0.0006 |2.5+0.2 |0.31+0.02 |[18.6+0.5 1.11+0.01 0.50+0.15
25 |2 [33. |0.67+0.003 |18.4+0.2 [0.07+0.01 3.0+0.3 |0.28+0.02 |17.9+1.0 1.03+0.02 0.95+0.32
30 (2 |0. 0.74+0.01 [21.6=04 |N/A N/A N/A N/A 0.92+0.02 0

30 |3 (15 [0.82+0.04 [22.1+0.3 |0.03+0.02 0.95+0.5 |0.8+0.3 32.+3. 1.03+0.04 0

30 (7 [3.0 |091+0.06 |23.1+0.6 [0.05+0.02 1706 |0.41+0.02 |20.3+0.9 1.11+0.06 0.17+0.23
30 |3 (45 [1.00£0.1 |24.=+1. 0.07+0.02 2.8+0.9 |0.30+0.07 |18.0+3 1.16+0.01 0.64+0.71
30 |4 |6. 0.93£0.09 [23.4+1.0 |0.08+0.01 3.5+0.1 |0.24+0.01 |16.5+3. 1.03+0.11 1.59+0.34
30 (2 |9. 0.93+0.01 [23.5+0.2 |0.09+0.02 41+0.2 |0.22+0.04 |15.6+0.04 1.0+0.2 2.59+0.56
30 (2 [18. |0.89+0.08 |23.1=0.5 [0.09+0.01 42+0.3 |0.21+0.01 |15.8+0.5 0.96+0.13 2.92+0.06
30 |1 [33. 095 23.5 0.085 4.4 0.2 15.5 1.0 2.70

35 |1 |0. 0.98 26.35 N/A N/A N/A N/A 0.97 0

35 |2 [15 [1.10+0.1 |[27.8£0.6 |0.041+0.006 |1.6+0.6 |0.4+0.1 20. £5. 1.04+0.07 0.03+0.04
35 (3 |3. 1.20+0.1  |29. =1. 0.055+0.001 |3.0«0.1 |0.21+0.02 |15. =2. 1.10+0.08 0.56+0.07
35 |2 |45 [1.26+0.01 [295+0.2 |0.070+0.01 [3.9+0.6 [0.18+0.01 [14.+1. 1.08+0.03 1.5+1.0
35 (2 |5. 1.29+0.01 |29.8+0.2 [0.076+0.002 |4.2+0.01 |0.18+0.01 |13.9+0.3 1.10+0.22 1.70+0.25
35 (3 |6. 1.29+0.03 |29.8+0.3 [0.085+0.003 [4.8+0.06 |0.17«0.01 [13.8+0.6 1.08+0.02 2.45+05
35 (2 |9. 1.33+0.03 |30.2£0.3 [0.10+0.003 [5.9+0.3 |0.155+0.01 [12.9+0.8 1.09+0.16 3.68+0.11
35 (3 [12. |1.36+0.02 |30.4+0.7 [0.10+0.008 [6.0«0.3 |0.15+0.01 [13.0+0.5 1.27+0.11 4.08+0.16
35 |1 [33. |1.37 30.5 0.10 6.2 0.12 12.8 1.12 4.21

37 |1 |0. 1.14 29.1 N/A N/A N/A N/A 1.01 0

37 |1 (15 [1.25 30.2 0.04 1.9 0.33 17.2 1.07 0.10

37 |2 |3. 1.39+0.09 |31.7+0.8 [0.054+0.001 |3.1+0.3 |0.19+0.01 |14.1+0.5 1.11+0.02 0.96+0.08
37 (2 |45 |142+0.02 |32.1«0.2 [0.070+0.005 [4.1<0.1 |0.17«0.01 [13.5+0.4 1.08+0.21 1.9+0.6
37 |2 |6. 1.45+0.05 |32.2+0.3 |0.08+0.01 47«02 |0.17+0.01 |13.5+0.3 1.14+0.01 2.6+0.8
37 |1 |75 |148 324 0.09 54 0.15 12.7 1.22 3.11

37 (2 |9. 1.50+0.06 |32.7<0.3 [0.10+0.02 58«05 |0.15+0.01 |13. 1. 1.23+0.12 3.7+1.0
37 |1 ]10 1.50 32.6 0.11 6.1 0.15 13.3 1.32 4.23

40 |2 |0. 1.32+0.03 |32.4+0.1 [0.03+0.02 1.1+0.2 [0.9+0.3 25.5+2 1.00+0.08 0

40 |2 |15 |[1.44+0.01 |33.8£0.3 |0.05+0.01 2.6+05 |0.23+0.02 |15.70.5 0.99+0.12 0.6+0.5
40 |2 |25 |[158+0.01 |35.1+0.1 |0.060+0.001 |3.5+0.2 |0.17+0.005 |13.0+0.5 1.13+0.01 1.66+0.05
40 |3 |3 1.61+0.07 |35.3+x0.5 [0.066+0.009 |3.7+0.4 |0.17+0.02 |13.1=04 1.18+0.05 2.0+0.3
40 |2 |4. 1.68+0.05 |35.6+0.9 [0.074+0.01 [4.0«0.5 |0.16+0.01 |[13.0+0.04 1.25+0.04 2.5+0.7
40 |3 |45 |1.68+0.08 |35.8+0.3 |0.078+0.01 |4.5+0.5 |0.15+0.01 |12.6+0.5 1.24+0.13 2.6+0.2
40 |2 |5 1.71+0.03 |35.7«0.7 [0.080+0.01 [4.7«0.1 |0.15+0.01 [12.6+0.7 1.30+0.01 2.9+0.2
40 |2 |6 1.73+0.03 |35.9+0.1 [0.083+0.001 [5.0«0.1 |0.143+0.005|12.7+0.4 1.30+0.01 2.8+0.5
40 |1 1|9 1.73 36.4 0.10 6.4 0.14 12.6 1.56 4.0

40 |2 |12 1.68+0.01 |36.6+0.02 [0.108+0.009 [6.7+0.4 |0.13+0.001 [12.1+0.4 1.78+0.25 4.28+0.03
40 |1 |33 1.58 36.5 0.111 7.5 0.12 11.6 1.99 0

Note: F is the fan frequency, NV is the number of experimental runs A,.,, is the depth of the net, u-, is the friction velocity, U, is the
10-m wind speed, m.s.s. is the mean square slope of the wave field, H;, is significant wave height, k, and a,, are the peak
wavenumber and frequency of the wind wave spectra, Cry is the Stanton number, Fr is the probability of wave breaking Eq.(30).
The drag coefficient Cpgv can be calculated by Eq(19), the parameter of the temperature roughness Eq(28) can be found from
Eq(29) by Cprov and Crygw..




We discuss the characteristics of the wave field. Figure 4(a,b) shows the dependence of the
wave number of the surface wave spectral peak, k,, on the significant wave height (SWH) H,. One
can see, that for all experiments k, is proportional to Hs (Figure 4a) and their product is
approximately constant and equal ~0.18 (Figure 4b). This indicates the saturation of the wave field,
which means that the shape of the dominant waves is approximately the same at different wind
speeds.
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Figure 4 The peak wave numbers in the wind wave spectra (a) and the mean slope of the dominant
wave (the solid line is ~ /") (b) versus the significant wave height. The mean square slope of the

wave field (m.s.s.) via significant wave height (c) and the probability of breaking occurrence via
significant wave height (d). Black symbols correspond to fan speed 20 Hz, green - 25Hz, blue - 30
Hz, red - 35 Hz, cyan - 37 Hz, and magenta - 40 Hz.

The mean-square slope (m.s.s.) of the waved water surface, calculated over the entire
spectrum of waves (Figure 4c), increases with increasing wave height. This assumes an increase in
the width of the spectrum of surface waves with increasing heights of surface waves. The
dependence of the probability of wave breaking on m.s.s., shown in Figure 4d, has a threshold.
Intense breakings begin when H, exceeds 2 cm, which corresponds to m.s.s. exceeding 0.04 + 0.01
according to Figure 4c. These properties and characteristics of the wave field will be used below to
interpret the peculiarities of the coefficients of heat and momentum exchange between water and
air.



3 Experimental dependencies of the turbulent exchange coefficients on wind velocity

Figure 5c presents the value 7./AT,, where AT, = T(Hm) -T,. According to Eq. (28),

T./AT,, is connected by functional dependence with the temperature roughness height, then the

phrase “the logarithm of the temperature roughness” is sometimes used as the definition of this
value. It can be seen from Figure 5a that Cp;y increases with the increase of u«, and the values
obtained for different parameters of the waves and air flow within the experimental error collapse
into one curve. The resulting dependence is very close to that sown by Donelan et. al. (2004).
Noteworthy, the data agree with field data by Powel et al. (2003) and French et al. (2007) when
they are expressed via the friction velocity. This means that the parameters of the surface
disturbances, which determine the spreading of the exchange coefficients at a certain wind velocity,
are parameterized mostly by the friction velocity or turbulent stress, which presents the forcing
acting at the water surface.
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Figure 5 Dependencies on u« of drag coefficient Cp,oy (a), the open black symbols are the
data by French et al. (2007)); heat transfer coefficient Croy (b); parameter of the temperature
roughness (¢); and u-via U,y (d). The grey curve in (¢) is given by Eq. (31). In panels (a) and (d),
the blue open symbols are data of Donelan et al. (2004) and the filled black symbols are data of
Powel et al. (2003). In panel (b), the blue open symbols are data of Jeong et al. (2013). In all
panels, the colors follow Figure 4; the violet circles are data from Takagaki et al. (2012) and
Komori et al. (2018).

It follows from Figure 5b that for u« <1.5 m/s (corresponding to U,y = 33-35 m/s according
to Figure 5d and Table 1) the Stanton number is almost constant and equal to approximately

0.0011, and this result is in good agreement with the data of Jeong et al. (2013). The constant C;,y

accompanied by the increase Cp,,, following Eq. (29) is ensured by the decreasing dependence of



T.

m on u-, see Figure 5c. One can see that for u- <1.5 m/s this dependence agrees well with
10

the model of temperature roughness of the air flow above the water surface proposed by Liu et al.

(1979). According to this model, the heat transfer at the air-water interface is due to molecular

transfer, and

\4

a

AT(z) =1;(2.181n2“* +3.8) 31)

where v, is the air kinematic viscosity. However, we note that at u-=>1.5 m/s the Stanton

number and the temperature roughness sharply increase. A similar increase of the Stanton number
was observed in the experiments by Komori et al. (2018) who explained it by an effect of wave
breaking (see also Figure 5 c).

Note, that the values of the exchange coefficients and the temperature roughness obtained
by Komori et al. (2018) noticeably exceed that of the present data (see Figure 5a-c). This can be
explained by the dependence of these values on the wave fetch and is shown Figure 6, which shows
the similar decreasing dependency of Cpion, Crion, and 7+/ATy on the wave age parameter c,/u-
obtained both by Komori et al. (2018) and in the present study.
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Figure 6. Dependency on the wave age parameter of drag coefficient Cp,y (), heat transfer
coefficient Crioy (b), and parameter of the temperature roughness (c). In all panels, the colors follow
Figure 4; the violet circles are data of Komori et al. (2018).

4 The dependency of exchange coefficients on the parameters of the waves

To understand what physical factors can cause an increase of the exchange
coefficients with increasing air velocity, we analyzed their dependence on the parameters of the
wave field. Figure 7(a-c) shows the dependency of the drag coefficient and logarithm of
temperature roughness on m.s.s. One can see a rather significant scatter of experimental data. In
Figure 8(a-c) we plot the dependence of Cpiw, Criov, and the logarithm of the temperature

roughness on the dimensionless value ln(k A 10) . When parameterizing the exchange coefficients,

referred to as the bulk values of the velocity and temperature at 10 m height, this normalization
looks natural.



Figure 7. Dependency of the drag coefficient (a), heat transfer coefficient (b), and temperature
roughness (c¢) on m.s.s. In all panels, colors follow Figure 4.

A comparison of Figs. 7(a—c) and 8(a—c) shows that representing the data via the peak wave
number significantly reduces the spread of the experimental data. It is noteworthy that the data
obtained independently at two different facilities (the high-speed wind-wave channel of the IAP
RAS and the high-speed basin of the Kyoto University, Komori et al., 2018) using different
methods collapse in one curve. One should also consider the fact that the experiments in the high-
speed flume of the Kyoto University, Komori et al. (2018) used unstable stratification of the air
flow, while in the present experiments, stratification was stable. Insensitivity of the drag coefficient
to the stratification type seems natural since estimates show that the Obukhov scale in all
experiments was more than 8 m higher than the height of the airflow above the water surface for
both the IAP RAS channel (0.4 m) and in the Kyoto University channel (0.8 m). The similarity of
the values of the temperature roughness in the case of stable and unstable stratifications of the
atmosphere is an indication of the weak effect of the phase transition of the water in the
atmosphere.

We also note some peculiarities of the obtained dependency. From Figure 8c, it can
be seen that the dominant wind waves are sufficiently short, so that ln(k A 10) >5 (k,<0.15 cm™ or

the peak wavelength A,<40 cm) and the Stanton number remains constant. A comparison with
Figures 5(b,c) shows that, in this case, the temperature roughness is determined by molecular heat
transfer at the air-water interface. The assumption by Makin (1998) is satisfied in that the effect of
the surface waves on the air-water heat transfer occurs only due to changes in the rates of turbulent
transfer and change of the aerodynamic roughness.

It is seen from Figure 8c, that at ln(k A 10) <5 (k, <.0.15 cm™, the wavelength above

40 cm) the Stanton number and the temperature roughness start increasing sharply with the increase
of the wavelengths of the dominant waves and the increase of the significant wave height (Figure
4a,b). It indicates a change in the physical properties of the water surface, that leads to increased
heat transfer at the air-water interface. To illustrate the nature of these changes, we consider the

dependence of the probability of the wave breaking Fr on ln( k,H 10) in Figure 8d. It is seen that at

ln(k H 10) <6 (k, <0.3 cm™, the wavelength above 20 cm) there is a sharp increase in Fr, which is
defined, according to Longuet-Higgins & Smith (1983), as areas of the water surface with a slope
of more than 6, =30.37°. That is, the change in the physical properties of the water surface,

accompanied by an increase in temperature roughness, occurs for longer waves than the beginning
of the increase in the probability of wave breaking Fr. This is explained as follows.
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Figure 8 The dependency of the drag coefficient (a), heat transfer coefficient (b), the temperature
roughness (c), and the probability of breaking occurrence (d) on dimensionless peak wave numbers.
In all panels, colors follow Figure 4.

It was already noted that the dominant waves have an approximately constant shape with
the high steepness equal on average to 0.18 (see Figure 5b). Visual observations show that the
shape of such waves is unsteady, the waves are breaking, and the type of wave breaking depends on
the wavelength and wind speed. At F <35 s, the gentle spilling breaker (see Duncan, 2001)
dominates when irregular capillary waves arise at the wave crests. Duncan (2001) refers to this
regime as the turbulence of capillary waves. At F above 35 s', intense breakings with the
entrainment of air bubbles or whitecapping begin to occur. As shown by Troitskaya et al. (2019),
the appearance of foam bubbles on the surface of the water causes the increase in the coefficient of
resistance of the surface of the water due to the increased aerodynamic drag of surface areas
covered with bubbles of foam. This is confirmed by Figure 9a, which plots Cpoy vs. Fr. When the
above-outlined conditions for the presence of whitecapping are met, Cp,pv grows with increasing
Fr.

Figures 8c and 9c show that with the appearance of whitecapping, the temperature
roughness increases, which indicates changes in heat transfer. A similar effect is also demonstrated
by Komori et al. (2018), who describes the sharp increase in Cry While maintaining Cpoy (it
assumes the increase in temperature roughness) at high wind speeds, implying the presence of
whitecapping. The nature of this phenomenon requires further investigation. We speculate that the
increase in heat transfer is due to the amplification of the water surface renewal caused by
amplification of mixing by whitecapping. Another possible reason for the increase of the heat
exchange may be a sharp enhancement of the area of the air-water contact, which occurs during
whitecapping. We can also suggest an analogy between the increase in heat transfer and the
phenomenon of an anomalous increase in gas exchange at high wind speeds most likely



accompanied by whitecapping, which was discussed by (Iwano et al., 2013; Krall and Jdhne, 2014).
This hypothesis requires additional research.
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Figure 9 Dependency of the drag coefficient (a), heat transfer coefficient (b), and temperature
roughness (c) on the probability of the wave breaking.

5 Conclusion and Discussion

The most important characteristics that determine the interaction between the atmosphere
and ocean are fluxes of momentum, heat, and moisture. For their parameterization, the
dimensionless exchange coefficients (the surface drag coefficient Cp,v and the heat transfer
coefficient or the Stanton number Cryy) are used. Numerous field and laboratory experiments show
that Cpov increases with increasing wind speed at moderate and strong wind speeds. As was
recently shown (Holthuijsen et al., 2012; Powel et al., 2003,), Cp;ov decreases at hurricane wind
speeds. Waves are known to increase the sea surface resistance due to enhanced form drag. The
dependence of the heat transfer coefficient Cr;yy on the wind speed is not certain, and the role of
the mechanism associated with the wave disturbances in the mass transfer is not completely
understood. The observations and laboratory data show that this dependence is weaker than for the
Cp and there are differences in the character of the dependence in different data sets. This paper
focused on the effects of small-scale surface waves on the turbulent exchange of momentum and
heat within the laboratory experiment, with the wind and wave parameters maintained and
controlled.

The obtained dependency of the surface drag coefficient on the parameters of the
experiment was in agreement with previous measurements at high winds by French et al. (2007),
Donelan et al. (2004), and Powel et al. (2003). It was mostly described by the wind friction velocity
(or the tangential turbulent stress) and increased with both the air flow velocity and wave fetch. The
heat exchange coefficient was practically constant at wind speeds below 33-35 m/s in agreement
with Jeong et al. (2013) and was accompanied by a decrease of the temperature roughness. It was
well described by the dependence on the wind friction velocity, which was obtained by Lui et al.
(1979) from the supposition that the heat exchange at the air-water interface is described by the
molecular transfer. At wind speeds exceeding 33-35 m/s, both the heat exchange coefficient and
temperature roughness sharply increased. These peculiarities are in agreement with recent data
from Komori et al. (2018). Moreover, the joint analysis of the data obtained in the high-speed
wind-wave channels of the IAP RAS and Kyoto University yields the universal dependency of the
exchange coefficients and temperature roughness on the peak wave number of surface wave
spectra. Notably, the effect of the increase of the heat exchange coefficient and temperature
roughness did not depend on the type of temperature stratification of the atmospheric boundary
laye—which was unstable in the experiments by Komori et al. (2018) and stable in the
experiments in the [AP flume.



Joint analysis of the parameters of the surface wave field and the exchange
coefficients enables us to conclude that the sharp increase of the heat exchange intensity is
associated with increased whitecapping. The physical reasons for this effect are not yet clear. One
can suppose the enhancement of the surface renewal due to mixing is associated with whitecapping.
Another possible reason may be a sharp increase in the contact area between water and air due to
whitecapping. Our study provides a framework for future studies in these critical areas of oceanic
and atmospheric research.
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