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Abstract. The processes of momentum and heat transfer between ocean and atmosphere in the boundary
layer were investigated within laboratory modeling for a wide range of wind speed and surface wave
including hurricane conditions. Experiments were carried out on the Wind-Wave Flume of the Large
Thermostratified Tank of IAP RAS. A special net located under the surface at different depths allows to
vary parameters of surface waves independently on wind parameters. Theory of self-similarity of air flow
parameters in the flume was used to calculate values aerodynamic and heat transfer coefficients from the
measured velocity and temperature profiles by Pito and hotfilm gauges respectively. Simultaneous
measurements of surface elevation with system wire allow to obtain spectra and integral parameters of
waves. It was demonstrated that in contrast to the drag coefficient, heat transfer coefficient is virtually
independent of wind speed and wave parameters to the moment of the beginning of spray generation and
then increases rapidly.

1 Introduction
The main quantitative characteristics of atmosphere and
ocean turbulent exchange are fluxes of momentum, heat
and moisture. These fluxes play an important role in
many aspects of meteorological and oceanographic
research, including climate modeling, weather
forecasting, modeling of boundary-layer processes etc.
Turbulent exchange of energy and momentum between
the ocean surfaces and the atmosphere to a large extent
controls the energy and water cycle and general
circulation of the ocean and the atmosphere. At the
boundary-layer scale, the fluxes in question control
generation of waves and development of the upper ocean
mixed layer. In numerical weather prediction and climate
modeling, the air–sea fluxes are parameterized through
mean-flow meteorological parameters. Turbulent
momentum u ' wc u*2 , heat T ' wc and moisture q ' wc
fluxes are expressed via bulk formulas through the
following meteorological parameters measured at a
reference level (usually h10=10 m above the water
surface): the 10 m wind speed U10, the difference
between the 10 m air and water temperature T10 and the
difference of relative moisture at the water level and 10
m above the water surface q10:
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The dimensionless exchange coefficients; drag
coefficient CD, the Stanton number CT and Dalton
number CE are dependent both on wind speed and
density stratification of the marine atmospheric boundary
layer (MABL) and on the effective roughness of the
water surface. The heat and moisture transfer
coefficients are usually considered equal (see [1]), then
here only the Stanton number and grad coefficient will
be investigated.
According to Monin-Obukhov similarity theory [2]
the vertical profiles of velocity and temperature in a
stratified MABL are:
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Monin-Obukhov length scale (see [2]), Prt – turbulent
Prandtl number, z0  z0T are roughness momentum and
heat lengths. When z  L functions ) m z / L )T z / L
cease, then following from (2), (3) the velocity and
temperature profiles u ( z ) and T ( z ) are logarithmic.
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[13] and laboratory data [12]) indicate weak growth of
10N with increasing wind speed U10. Also, a weak
growing dependence of the enthalpy transfer coefficient
on the wind speed was found in the recent laboratory
experiment [14], which studied heat transfer at a strong
wind. At the same time, in [15] the dependence of 10N
on the wind speed was not found.
Increasing wind speed causes an exponential increase
in the amount of spray in the atmospheric boundary
surface layer (see, for example, [16] and references
therein). The effect of the impact of spray on the drag
coefficient is ambiguous. A number of studies argue that
spray cause reducing of the aerodynamic resistance of
the water surface at hurricane conditions. For example,
according [17, 18] the mechanism of reducing the
aerodynamic drag caused by the fact that spray create in
the atmosphere surface layer efficient stable stratification
in density, reducing turbulent exchange. In [19] another
mechanism of reducing the resistance, associated with
the peculiarities of the spray momentum exchange with
the air flow, is analyzed. On the contrary, as is estimated
in [20], the exchange of spray momentum with turbulent
flow leads to an increase in surface drag. The effect of
spray on the heat transfer in the atmospheric surface
layer is discussed in the theoretical work [11], where in
the case of stable stratification is shown a strong growth
of heat transfer coefficient at a wind speed of 15-20 m/s.
The purpose of this study is to investigate the
influence of wind speed and the water surface
disturbances (waves and spray) on the exchange of the
momentum and heat in MABL. The difficulty of such a
study is connected with the fact that the waves are
excited by the wind, and it is impossible to distinguish
the contribution to the momentum and heat transfer
caused by wave disturbances, from the influence of the
peculiarities of turbulent transport, determined by the
speed of the wind. The main difference of this study
from the previous experimental studies and field
observations is in the use of artificial, independent of
wind speed, control of parameters of waves at a certain
wind speed. This helped to obtain dependencies of the
transfer coefficients on the wind speeds, parameters of
waves and spray. It should be mentioned that flux
transfer coefficient and heat transfer coefficient were
measured simultaneously. It allowed to define scale of
the temperature roughness z0T characterizing heat
transfer and independent on the flux transfer, as well as
scale of surface wave roughness z0. So it follows from
(6) that the increase of 10N is possible due to the
growth of both CD10N and the temperature roughness z0T ,
which is determined by the properties of the underlying
surface, quantifying the characteristics of waves and
spray. Otherwise simultaneous measurment of CD10N and
10N allowed to estimate its ratio, which an important
parameter of hurricane development is the ratio of heat
and momentum exchange coefficients, which determines
the condition for maintaining a hurricane formulated by
[21] as CT / CD ! 0.75.
According to the experiments [15], the ratio is close
to 0.75, but uncertainties of the field experiments are too
large for definite conclusions.

It is easy to see that, comparing definitions for the
exchange coefficients (1) with expressions for the
velocity profile (2) and temperature profiles (3) gives
that the CD and CT 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 roughness height. A convenient
expression for the latter are the coefficients of turbulent
exchange at neutral stratification:

CD10 N

CT 10 N

N2
ln h10 / z0

(5)

2

N2

N CD10 N

Prt ln h10 / z0 ln h10 / z0T

§h ·
Prt ln ¨ 10 ¸
© z 0T ¹

(6)

where h10=10 m.
Obviously, the equations (5) and (6) can be regarded
as alternative definitions of roughness parameters
z0 and z0T
Parameterization of roughness parameters or the
exchange coefficients used in the models of atmospheric
circulation, are reduced to their dependencies on wind
speed [3], and in the advanced models [4] on the wave
age. The problem of dependencies 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 consequence of wind forcing,
on the exchange of the momentum and mass between the
atmosphere and the ocean. The effect of waves on the
momentum transfer has been studied by many authors
(see, for example, [5-8] and references therein). It is
shown that the momentum transfer by wave
disturbances, or the form drag, increases with the
increasing wind speed accompanied by 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
roughness parameter.
The influence of wave disturbances on the heat
transfer is weaker than on the momentum transfer,
because even at moderate wind speeds the heat flux
controlled by wave-induced disturbances is a fraction of
percentage of the turbulent heat flux (see, discussion of
this issue, for example, in [9]). In connection with it, the
theoretical model [10, 11] does not regard the wave heat
flux, considering that the heat transfer is determined only
by turbulent transport. In this case, the calculated
dependence 10N on the wind speed is significantly
affected by the model of turbulent exchange. At the same
time, all of the above mentioned models predict the
increasing dependence of 10N (U10).
The experimental data confirm weaker dependence
of the heat transfer coefficient 10N on wind speed
compared to D10N (U10) (see, for example, the field [1]
and laboratory [12] data), but the character of the
dependence is different in different models. A number of
studies (e.g. the algorithm COARE 3.0 [1], field data

2

EPJ Web of Conferences 143, 02100 (2017 )

DOI: 10.1051/ epjconf/201714302100

EFM 2016

no effect on the parameters of the surface disturbances
for all wind speeds implemented on the facility.
Velocity and temperature profiles in the working
section of the flume (at a distance of 6.5 m from the
entrance channel) were measured simultaneously with
the help of respectively the Pitot tube and hot film
gauge, mounted on the vertical scanner. The L-shaped
Pitot tube with the differential pressure transducer
Baratron MKS 226 A provided the accuracy of velocity
measurement 3 cm s-1. The accuracy of temperature
measurements with hot film is 0.1 oC.

The paper has following structure. In the Section 2
experimental setup and a scheme of the adjustment of
the surface roughness independently on the wind force
are described. Section 3 is devoted to description of the
measuring of the transfer coefficients by profiling
method. The method of retrieving 3D spectra of the
waves is described in the section 4. In the sections 5 and
6 dependencies of the transfer coefficients on the
parameters of wind flow, waves and influence of the
sprays are discussed. Conclusion is in the section 7.

5

2 The description of the experimental
setup for the study of heat and
momentum exchange at strong winds
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The experiments were carried out on the Wind-Wave
Flume of the Large Thermostratified Tank of IAP RAS
(the overview see on Fig.1). The airflow channel with 10
m length has the section of 0,4 × 0,4 m above the water
surface. The airflow is created by a centrifugal fan, the
frequency or rotation f ranges from 7.5 to 50 Hz. The
airflow velocity at the axis of the channel is proportional
to f and varies from 4 m/s to 20 m/s (see Fig 3), which
corresponds to the equivalent speed of 7-42 m/s. The
detailed description of the experimental facility, the
principles of creating and controlling the airflow is given
in [22]. The general scheme of the experiments is shown
in Fig. 2.
To create the temperature stratification of the surface
layer of the wind, the air entering the channel, was
heated to 35-40 Co (depending on the air flow speed).
The temperature on the water surface for all the
experiments was maintained constant of about 15 Co.
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Fig. 2. General scheme of the experiments in Wind –Wave
Flume. The sizes noted in cm. (1)Wind–wave channel body,
(2) vertical bearings ,(3) convergent – diffusion section with a
honeycomb, (4) hot film anemometer at the entrance, (5) wave
absorber, (6) a net along the channel installed on the different
depths (7) Pitot tube on a scanning system, (8) hot film
thermometer on the same scanning, (9) a gauge for water
temperature measurements. (10) three channel wire wavegauge.
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Fig. 3. Flow rate dependence on the fan rotation frequency

Fig. 1. Wind-Wave Flume of the Large Thermostratified
Tank of IAP RAS (air channel in the center).

The scanning method with the consecutive height
increment of 3 – 5 mm and accruing time of 1 minutes at
each point was used. For each fixed wind parameters 2
profiles of velocity and temperature were measured for
subsequent averaging. The lower level of scanning was
located at a distance of 1 cm from the crests of the waves
and depended on the wind speed, while the upper layer
was 38 cm (in 2 cm below the upper lid of the channel).
The temperature and wind speed at the inlet of the flume
were controlled with the additional hot film gauge. Also,
the temperature gauge was placed under water in the
working section to measure the temperature of the
surface layer of water.

A special feature of this experiment is the ability to
control surface waves irrespectively of the speed of the
wind flow in the channel. For this purpose, the plastic
net (mesh) 0.25 mm thick with a cell of 1.6 x 1.6mm has
been stretched along the entire channel (first time was
used in [23]). The net did not affect the heat exchange,
but the characteristics of surface waves varied depending
on its depth: the waves were absent when the net was
located at the level of the undisturbed surface of the
water, but at maximum depth (33cm), it had practically
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following approximation of the self-similar velocity
profile

3 The determination of heat and
momentum flows on the velocity
profiles of the air flow and temperature
measured in the channel

 § 1
·
°u* ¨  N ln z / G  D ¸ ; z / G  0.15,
¹
® ©
(10)
° E u 1  z / G 2 ; z / G ! 0.15.
¯ *

U max  U z

To determine the parameters of the atmospheric
boundary layer the algorithm suggested in [22] was used,
which generalizes the model of the boundary layer near a
flat surface [24]. It is well known that the boundary layer
on a smooth flat plate is composed of the viscous sublayer having a thickness of about G vis Q a / u* (less than
1 mm), positioned above the layer of constant fluxes
having a thickness of about 0,15G, where G is the
boundary layer displacement thickness; and “the wake”
part of the turbulent boundary layer, located higher up to
the border of the displacement layer. In the 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:

where N=0.4 is the van Karman constant.
The constants D and E can be obtained from the best
fitting of the experimental data. In [24], the values of the
constants (D=1, E=9.6) for no-gradient turbulent
boundary layer and (D=1, E=7.1) for the turbulent
Poiseuille flow in a pipe. The experiments in the wind wave flume show that the profile of the velocity defect in
the air flow above the waved water surface is also selfsimilar, and the velocity profile can be approximated by
the expression (10). Determining the constants D and E
included the following data processing. The profiles of
the flow velocity defect measured at a certain frequency
of rotation of the fan and different positions of the net
controlling waves, were expressed in terms of the selfsimilar coordinate y=z/G and normalized by the
curvature of the velocity profile Eu*. Thus obtained
dimensionless velocity defect profiles are shown in Fig.
4 for a number of fan rotation frequencies. It can be seen

W turb (K )  W wave (K ) u*2 .

(7)
and here W wave (K ) decreases with increasing distance
from the boundary on the scale hwave , which, according to
[25] can be determined from the following relationship

1.2

§ NV p
·
khwave ¨
 ln kz0  ln hwave k ¸ N 2
(8)
© u*
¹
Here V p and k are the phase velocity and the wave
number corresponding to the frequency of the peak of
elevation surface spectrum. The numerical values of the
parameters of wind and waves in the flume obtained
below, give an estimate of khwave ~0.01. Here the
condition hwave  0,15G is observed, and within the layer
of the constant momentum flux there is a layer of
constant turbulent momentum flux W turb (K ) u 2 , in which
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Fig. 4. Dimensionless velocity defect profiles for the following
values of the fan speed: (a) - 20 Hz, (b) - 30, (c)- 35 Hz, (d) 40 Hz.

*

that the experimental points collapse on certain curves,
confirming the self-similarity of the profile of the flow
velocity defect in the channel above the water surface.
With this normalization the logarithmic part of the selfsimilar profile of the velocity defect has the form

the velocity depends on the vertical coordinate
logarithmically.
As a rule, in wind tunnels and wind and wave
channels, the thickness of the layer of constant fluxes is
very small, for example, in the flume it was about 3 cm.
The measurement of the wind speed and temperature at
such a small distance from the surface of waved water
surface especially at strong winds is a difficult problem,
mainly due to the effect of spray torn off the wave crests.
However, the parameters of the layer of constant fluxes
can be obtained from the measurements in the ‘wake”
part of the turbulent boundary layer, as the profiles of
velocity defect in the near-wall turbulent flows are selfsimilar:

U max  U z

1§ 1
·
 ln y  D ¸
(11)
E u*
E ¨© N
¹
The parameters of the logarithmic boundary
layer can be obtained from the measurements in the
wake part of the turbulent boundary layer, first,
retrieving the parameters of turbulent boundary layer
(Umax and G) from best fit of the experimental data by
equation (10) for z/G>0.15 and then calculating the
parameters of the logarithmic boundary layer by the
following expressions:

U max  U z

§z·
F ¨ ¸,
(9)
©G ¹
where U max is the maximum speed in a turbulent
boundary layer. According to [24] for non-gradient
turbulent boundary layer at a flat plate or in the tube, the
u*

U z

where

4

u*

N

ln z / z0

(12)
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G exp NU max / u*  DN

(13)
Using (12, 13) it is possible to determine the wind speed
at the standard height 10 = 10m and calculate the drag
coefficient

N2

CD10 N

(14)

2

NU max / u*  DN  ln H10 / G

The turbulent heat flux and temperature roughness were
calculated by the measurements of the temperature in the
“wake” part similar to the parameters of the logarithmic
boundary layer (friction velocity and roughness
parameter). The profile of the temperature defect was
fitted by a polynomial of order 2, which determines 3
parameters ET T* , Tmax and G T .
Knowing the constant E , taking into account the
values of the van Karman constant and the Prandtl
turbulent number, it is possible to find *, and taking the
friction velocity found above , to determine the heat
flux T cwc T*u* . Then the parameter of temperature

Similar processing carried out with the temperature
profiles allows determining the Stanton number and
temperature roughness from the temperature profiles in
the channel. We used in this case the self-similarity of
the profile of “the temperature defect”, which was
defined similarly to the expression (11) for the velocity
defect:

§ z
G¨
¨G
© T

Tmax  T z
T*
where T*

·
¸,
¸
¹

·
 DT N ¸ follows
T*
© Prt
¹
from (16), where Tw - water surface temperature and the
temperature profile in the layer of constant fluxes takes
the form:

roughness z0T

(15)

T cwc

.
u*
For the approximation of the self-similar dependence for
the profile of “the temperature defect” we used the
expression similar to (10):
 § 1
·
°T* ¨  N Prt ln z / G T  D T ¸
¹
° ©
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T
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Using equation (17) for calculating the temperature
difference between the surface water and air at a
standard height 10=10 and equation (12) for U10 gives
then the Stanton number:

CT 10 N

(16)

y

1

y

T*

N

°§ NU max
§H
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© G
°¯© u*
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Prt T*
© G ¹ ¹ ¿°
©
It follows directly from (17), that:

··
¸¸u
¹¹

(18)

N

T*
T H10  Tw

§H ·
(19)
Prt ln ¨ 10 ¸
© z 0T ¹
depends only on temperature roughness. We will use the
dimensionless parameter (19) instead of the dimensional
temperature roughness for convenience of comparing
with the available experimental data.
Comparing (14), (18) and (19) easy gives

CT 10 N

T*
CD10 N
T H10  Tw

(20)

The expression (20) is useful for the analysis of
dependences of the Stanton number, the parameter of
temperature roughness and the coefficient of resistance
of the wind and waves.

(Tmax-T)
E7T*

4 Measuring parameters of surface
waves
The wind wave field parameters in the flume were
measured by three wire gauges positioned in the corners
of an equal-side triangle with 2.5 cm side, the data
sampling rate was 100 Hz. Three-dimensional spacetime spectra were obtained from the measured data by
the algorithm FDM (Fourier Directional Method) [22],

0
0.1

N Tmax  Tw

Tw 

T z

For implementation the profiling method for measuring
turbulent heat flux in MABL we need the turbulent
Prandtl number Prt. According to [3] Prt was assumed to
be 0.85. This value was also confirmed by direct
numerical simulation of turbulent boundary layer above
waved water surface [26]. To determine the constants D
and E data processing was carried out as described
above for the velocity profile. Similarly, the profiles of
“the temperature defect” of the air flow were expressed
in terms of the self-similar coordinate y=z/G and
normalized by the curvature of the temperature profile
E*. Thus obtained dimensionless profiles of “the
temperature defect” are shown in Fig. 5 for various fan
rotation frequencies.
1.2

§

G T exp ¨ 

0.1

1

y

(a)
(b)
(c)
(d)
Fig. 5. Dimensionless profiles of “the temperature defect” for
the following values of the fan speed: (a) - 20 Hz, (b) - 30, (c)35 Hz, (d) - 40 Hz.
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similar to Wavelet Directional Method (WDM),
suggested in [27].
Then, the three-dimensional space-time spectrum
S Z , k ,T can be obtained similar to [26] by using the
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h-net, cm

The obtained dependencies of exchange coefficients
on parameters of wind are discussed in this section and
compared with available field [29, 31-35] and laboratory
[14, 30] experiments. Fig. 7 shows the dependency of
drag coefficient on 10 m wind speed. It is obvious that,
alternatively to the previous data, the noticeable
spreading of the values of CD10N is observed at a certain
frequency of fan rotation, which mainly prescribes the
air-flow velocity (see Fig. 7a).
A similar strong spreading of the experimental points
is seen in the dependency of the Stanton number on wind
speed in Fig. 7b. The comparison with Fig. 7c shows,
that the experimental spreading of the temperature
roughness is significantly lower than for the Stanton
number. It indicates the fact that the Stanton number,

(21)

which is the product of

CD10 N and the logarithm of

the temperature roughness (see eq. 20), depends on the
wave regime mostly through the dependence on surface
roughness of CD10N.
It is interesting to note that at U10>25 m/s the Stanton
number and the temperature roughness increases sharply,
as can be seen below,due to the presence of spray. As a
result, the ratio CT 10 N / CD10 N exceeds the marginal value
0.75 for all wind speeds (see Fig. 7d) confirming the
Emanuel criterion of the hurricane maintaining.

6
20
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5. Experimental dependencies of the
turbulent exchange coefficients on wind
velocity

Hs, cm
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Fig.6. (a) equivalent wind speed U10 on the F (fan
rotation speed), (b) significant wave height Hs on the F,
(c) equivalent wind speed U10 on the hnet (depth of the
net), (d) significant wave height Hs on the hnet,. Black
symbols corresponds fan speed 20 Hz, green - 25Hz,
blue - 30 Hz, orange - 32 Hz, red - 35 Hz, sky - 37 Hz,
violet - 40 Hz.

where k0 is a wave number below the spectral peak.
The dependences of the wind speed, significant wave
height and spray marker on the control parameters of the
experiment (the fan rotation frequency and control net
depth) are shown in Fig. 6. The figures show that the fan
rotation frequency determines mainly the wind speed
(Fig. 6a), the latter relatively weakly depends on the
depth of the net (Fig. 6c), which on contrary strongly
affects the wave height (see Fig. 6b and d). Low
dependency of wind speed on the net position can be
explained by the low water surface drag under any wave
conditions.
30

4

h-net, cm

by T gives the omnidirectional frequency and wave
number spectra. The upper limit of the wave number
spectrum is prescribed by the distance between the wave
staffs d, ku=/d, in the used configuration ku=1,25 cm-1.
The advantage of FDM against WDM is due to its
higher spectral resolution (see [22]). Judging by the
balance of the frequency resolution and signal
accumulation time later was selected the window size of
512 samples (5,12 seconds).
To quantify the wave field we used below the
dimensionless mean square slope (m.s.s.) defined as the
integral of the omnidirectional slope spectrum over the
range of measured wave numbers, as it was determined
in the [28]:

ku
2
³ k S k , T kdkdT
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spatial S k , T angular spectra, respectively. Integrating
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conditional averaging of the spectral amplitudes by k
and T .
Integrating the spectra obtained S Z , k ,T by the
wave number or frequency, gives temporary S Z , T
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CBLAST (Black et al. 2007)
AGILE (Donelan and Drennan, 1995)
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[36]. Thus the closed symbols on the plot show the data
obtained in no-spray conditions, and the open symbols
denote the data obtained in the presence of spray.
It can be seen from the figures that in the absence of
spray the drag coefficient increase with the steepness of
the wave, the heat transfer coefficient is almost
independent of m.s.s.. The same figure shows that both
exchange coefficient strongly increase in the presence of
spray (open symbols).
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Fig. 8 Dependencies of the drag coefficient (a), heat transfer
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open symbols corresponds presence of spray.
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7. Conclusion

1.6
our data

The most important characteristics that determine the
interaction between the atmosphere and the ocean are
flows of momentum, heat and moisture. For their
parameterization
the
dimensionless
exchange
coefficients (the surface drag coefficient CD10N and the
heat transfer coefficient or the Stanton number 10N) are
used. Numerous field and laboratory experiments show
that CD10N increases with increasing wind speed at
moderate and strong wind, and, as was recently shown,
CD10N decreases at hurricane wind speed. Waves are
known to increase the sea surface resistance due to
enhanced form drag, the sea spray is considered a
possible mechanism of the “drag reduction” at hurricane
conditions. The dependence of the heat transfer
coefficient 10N on the wind speed is not so 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 CD10N, and
there are differences in the character of the dependence
in different data sets.
A series of experiments to study the processes of
turbulent exchange of momentum and heat in a stably
stratified temperature turbulent boundary layer air flow
over the waved water surface was carried out on the
Wind-Wave Flume of the Large Thermostratified Tank
of IAP RAS. The peculiarity of this experiment was the
option to change the surface wave parameters regardless
of the speed of the wind flow in the channel. For this
purpose a plastic net has been stretched along the
channel. The net does not affect the heat exchange, but

1.2
CBLAST (Black et al. 2007)
CBLAST-Low (Edson et al. 2007)
COARE 3.0 (Fairall et al. 2003)
HEXOS (DeCosmo et al. 1996)
D.Jeong et al. 2012
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Fig.7. Dependencies: (a) of drag coefficient CD10N on U10, (b)
heat transfer coefficient CT10N on U10, (c) parameter of the
temperature roughness on U10. (d) the ratio CT 10 N / CD10 N on
U10. Red dashed line CT 10 N / CD10 N =0.75. Colors closed
circles corresponds results of this study (the same fan speed as
on Fig. 6).

6. The dependency of exchange
coefficients on the parameters waves
and spray presence
In this section we discuss dependence of the coefficients
on the effective surface roughness, which is controlled
by the waves and sprays. For the estimation of the wave
parameters mean square slope (m.s.s.) is used (see (21)).
Fig. 8 shows the dependency of drag coefficient and the
Stanton number on m.s.s. As it was mentioned before
sprays play a key role in the transfer processes. Presence
of sprays in the air could be controlled by the detecting
spikes in the signals of hot film close to the way used in
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the characteristics of surface waves depended on the
position of the net. To create a stable temperature
stratification of the wind, the air entering the flume was
heated but the surface water temperature was maintained
constant. Experiments were performed for a wide range
of wind speed up to hurricane conditions.The turbulent
flows of heat and momentum and roughness parameters
were retrieved from the measured velocity and
temperature profiles and subsequent data processing
exploiting the self-similarity of the temperature and
velocity profiles. As a result the surface drag and heat
exchange coefficients as well as roughness parameters
were obtained. Wind wave spectra and integral
parameters (significant wave height, mean square slope)
were retrieved from measurements by a 3-channel array
wave gauge by coherent spectral data processing. The
dependences of the exchange coefficients on the winds
speed and wave parameters were obtained. It is shown
that the exchange coefficients increase with the wind
speed and wave height. It was found, that a sharp
increase of heat exchange coefficient at wind speeds
exceeding 25m/s was accompanied by the emergence of
the spray in the air flow over water.
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