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Abstract

The air-sea CO, exchange is determined by the boundary-layer processes in the near-
surface layer of the ocean since it is a water-side limited gas. As a consequence, the
interfacial component of the CO, transfer velocity can be linked to parameters of

turbulence in the near-surface layer of the ocean. The development of remote sensing
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techniques provides a possibility to quantify the dissipation of the turbulent kinetic
energy in the near-surface layer of the ocean and the air-sea CO, transfer velocity on a
global scale. In this work, the dissipation rate of the turbulent kinetic energy in the near-
surface layer of the ocean and its patchiness has been linked to the air-sea CO2 transfer
velocity with a boundary-layer type model. Field observations of upper ocean turbulence
during the TOGA Coupled Ocean-Atmosphere Response Experiment (COARE),
laboratory studies including the RSMAS Air-Sea Interaction Saltwater Tank Facility
(ASIST), and the direct CO2 flux measurements during the GasEx-2001 experiment are
used to validate the model. The model is then forced with the TOPEX POSEIDON wind
speed and significant wave height to demonstrate its applicability for estimating the
distribution of the near-surface turbulence dissipation rate and gas transfer velocity for an
extended (decadal) time period. A future version of this remote sensing algorithm will
incorporate directional wind/wave data being available from QUIKSCAT, a now-cast
wave model, and satellite heat fluxes. The inclusion of microwave imagery from the
Special Sensor Microwave Imager (SSM/I) and the Synthetic Aperture Radar (SAR) will
provide additional information on the fractional whitecap coverage and sea-surface

turbulence patchiness.

Keywords: air-water interface, turbulence, remote sensing, boundary layers
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1. Introduction

The exchange of momentum, energy, and mass across the air-sea interface to a large
degree controls the weather, climate, and progress of life in the ocean (Donelan, 1998;).
The flux of gases like carbon dioxide (CO,) across the air-sea interface contributes to
important processes of the global climate system (Tans et al., 1990; Wanninkhof et al.,
1999). On a much smaller scale, the air-sea exchange is determined by the physics of the
turbulent boundary layer and the properties of the free surface. The presence of a free
surface dramatically complicates turbulent exchange processes at the air-sea interface.
The same free surface serves as an intermediary for ocean remote sensing techniques.

In this paper, we are concerned with the development of remote sensing techniques
to quantify the dissipation rate of turbulent kinetic energy in the near-surface layer of the
ocean and the air-sea gas transfer. A companion paper (Soloviev, 2006) considers a
renewal type model for parameterizing the interfacial component of the air-sea gas

exchange. In this paper, we employ a boundary-layer approach.

2. Boundary-layer concept of air-sea gas exchange

In boundary-layer models, the interfacial gas transfer velocity can be parameterized
via a relationship of the type proposed by Kitaigorodskii and Donelan (1984) and Dickey

et al. (1984):

1/4

K, ~b[e(0)vSc?] ", (1.1)
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where b is a dimensionless coefficient, £(0) the surface value of the dissipation rate of the
turbulent kinetic energy, v is the kinematic viscosity, Sc =v/u is the Schmidt number,
and u is the kinematic molecular diffusion coefficient of gas.

Relationship (1.1) can alternatively be derived (as in Fairall et al, 2000) from the
hypothesis that the thickness of the diffusive molecular sublayer &, is proportional to the
Kolmogorov’s internal scale of turbulence for concentration inhomogeneities:
n,=58c"? (V3 / 5)1/4 , where the thickness of the diffusive sublayer is defined as
6,=uHAC/G=pulK, . (1.2)
Here AC=C, —C, is the effective air-sea gas concentration difference (indices “w”
and “0” relate to the bulk and surface values respectively), and G is the gas flux at the
air-sea interface.

Most of the upper ocean is a shear layer, with only a few patches where breaking-
wave-generated turbulence dominates. Averaging over turbulence patches has a different
effect on the gas transfer velocity compared to the dissipation rate; since, according to
(1.1), the gas transfer velocity is proportional to the quarter power of the dissipation rate.

Statistical averaging involves a probability distribution function. The dissipation rate of

the turbulent kinetic energy & obeys a lognormal law (Oakey, 1985):

p(e)= ! exp[—(lng_m) ], t>0 (1.3)

(272_)—1/2 P 2(72

where u is the mean value and o° is the variance for the logarithm of &, which is

treated as a random variable. The expected value of &" is then equal

to: &" = exp ( un+n‘c’/ 2) , which results in relationship,
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&7 /(2) " =exp[-30%/32]. (1.4)

Relationship (1.4) in application to formula (1.1) implies that there is a coefficient

connecting average dissipation rate and average gas transfer velocity:
4, =exp(-307/32), (1.5)
which depends on the parameter of lognormal distribution o .

Most of the surface ocean is a shear or convective layer, with only a few near-
surface patches where breaking-wave-generated turbulence dominates. According to
Oakey (1985) and Soloviev and Lukas (2003), for the shear and convective turbulence in

the upper ocean mixed layer parameter o ~ 0.6, which results in 4, = 0.97 . For breaking-

wave turbulence, o is expected to be much larger than it is for that generated by shear or
convection. Soloviev and Lukas (2003) reported an increase in the value of o when
approaching the wave stirred layer. No statistically significant turbulence measurements
directly in the wave-stirred layer can, however, be found in the literature; the value of o
in this layer is virtually unknown. On the other hand, Woolf (1995) proposed an
approximate method to account for the effect of turbulence patchiness on the interfacial
gas exchange (which is being used in Section 4 to derive a formula for the weighting

coefficients due to turbulence patchiness (1.24)).
3. Bubble-mediated component of the air-sea gas exchange

The bubble-mediated gas transport is believed to dominate over the interfacial

component under high wind speed conditions. The bubble-mediated component depends
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on both gas molecular diffusivity and gas solubility (Thorpe and Woolf, 1991). Well
soluble gases like CO, are less dependent on bubble transport than poorly soluble gases
(like SFé).

The bubble-mediated component of the air-sea gas exchange can be parameterized
with Woolf’s (1997) formula

2450

K,=W cmh, (1.6)

1.2

1

1+ (14ﬁ0Sc_1/2 )1/1‘2

where W is the fractional whitecap coverage by stage A whitecaps (defined in Monahan

and Lu, 1990), and f, is the Ostwald gas solubility.

Formula (1.6) is intended for “clean” bubbles. The bubble-mediated transfer velocity,
K3, is associated largely with a shallow flushing of bubbles, with the exception of gases
of extremely low solubility for which the few long-lived bubbles are important (Woolf,
1997). The shallow bubbles, which are less contaminated than deep bubbles, supposedly
dominate in the bubble-mediated gas transport of quite soluble gases like CO,

Traditional parameterizations of whitecap coverage are in the form of a power-law
dependence on wind speed alone (e.g., Monahan, E.C., and I. O'Muircheartaigh, 1980).
Zhao and Toba (2001) expressed the whitecap coverage as a regression with respect to a

Reynolds-type number R, :
W~4.02x107°R, ", (1.7)

where R, =u, H_/v,, u,, is the friction velocity in air, /H_ is the significant wave

*a

height, and v, is the kinematic air viscosity. The Reynolds-type number R, is then

expressed via the dimensionless parameter
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R, =u*a3/(gv), (1.8)
using the Toba (1972) “3/2-power” law linking the non-dimensional significant wave-
height and period via relationship:

R, =B(27/1.05)" 4R, (1.9)

where B=0.062+0.012 is an empirical constant; A4  is the wave age defined as

A, =g/ (u w ) , where @, is the peak frequency in the wind-wave spectrum.

*q O p
From Toba’s (1972) law it is also possible to express the wave age A4, via the

significant wave height H_ and friction velocity u, as:

2/3
W:L gHSpaz . (1.10)
271 0.062 pu,

where u, =(p,/p)"" u., is the friction velocity in water.

Estimation of gas transfer velocity from satellites based on both wind speed and
surface-wave information is potentially more accurate than that based on wind speed

alone. Zhao et al. (2003) and Woolf (2005) proposed to use R, as a breaking wave

parameter and regression (1.7) to obtain a sea-state dependent parameterization of the
bubble-mediated component of gas transfer velocity. The analysis presented in the next
two sections has allowed us to incorporate the stage of wind-wave development into the

parameterization of the interfacial component of gas transfer velocity as well.
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4. Dissipation rate of turbulent Kinetic energy in the near-surface layer

of the ocean

The dissipation rate of the turbulent kinetic energy in the surface layer of the ocean

can be represented as a sum of convection &_, shear ¢, , and wave ¢, terms:
E=¢ +¢,+¢,. (1.11)
Formula (1.1) linking K, and & includes the surface value of the dissipation rate £(0),

which is expressed from equation (1.11) via the surface values: ¢, (0), &,(0), and

£,(0).

The convective dissipation term is represented by a classic formula:

86(0)=—052Lf°a (1.12)

where «, is the thermal expansion coefficient (negative in this notation), g is the
acceleration due to gravity, ¢, and p are the specific heat and density of water, and Q,

is the virtual surface heat flux (positive when directed from the ocean to atmosphere).

The wvirtual heat flux is defined according to Fairall et al. (2000):

ﬂSSOCp

T

Oy =0, +0,+1, +

Q. ,where O, and Q, are the latent and sensible heat fluxes,

I, is the net longwave irradiance, f; is the salinity contraction coefficient, S, is the

surface salinity, and L is the latent heat of water evaporation,

The surface value of the shear term is defined as
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8u(0)zu, (1.13)

where x is the von Karman constant (k¥ =0.4), o, is the effective thickness of the

aqueous viscous sublayer, and 7, is the tangential component of wind stress. According
to Soloviev and Schliissel (1996), the connection between tangential 7, and total r, wind

stress can be parameterized as follows:

Ty

T, R 1.14
" 1+Ke/Ke, (114

where Ke is the Keulegan number (Ke=u; /(gv)), u, is the friction velocity in water,

and g is the acceleration due to gravity. Following Soloviev and Lukas (2006) the

critical Keulegan number is:

3/2 R
Ke ~Zlo| Lol Zoo (1.15)
vip A

where p, is the air density, p is the water density, and R, ~10’ is the critical value of
the R, number (see (1.8) for definition) .The thickness of the aqueous viscous sublayer
entering (1.13) is as follows:

1/2
s,=cv/(z,/p)", (1.16)
where ¢, is a dimensionless constant. The surface value of the shear related turbulence

dissipation is then formulated as follows:

2 4
5, (0)= 7P . . (1.17)
v ke (1+Ke/Ke, )
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The breaking-wave dissipation rate of the turbulent kinetic energy in the near-surface
layer of the ocean has been the subject of many discussions in the oceanographic
literature (Kitaigorodskii et al, 1983; Soloviev et al., 1988; Terray et al., 1996; and
others). The Craig and Banner (1994) eddy-viscosity model, which employs a level “2-
1/2” turbulence closure scheme of Mellor and Yamada (1982), has demonstrated
reasonable agreement with the extensive near-surface data set obtained during TOGA
COARE (Soloviev and Lukas, 2003). According to the Soloviev and Lukas (2003), the
dissipation rate of the breaking-wave-generated turbulence can be described by the

following formula:

1/2
EW(O)Z%{ > J i, (1.18)

35,) =
where F; is the flux of the turbulent kinetic energy form the atmosphere to the ocean, z,
is the surface roughness scale (from the water side); B and S, are the dimensionless
constants (B=16.6, S =0.2). Parameterization for z, is of the Terray et al. (1996) type,
zg=crHg (1.19)
where ¢, is a dimensionless constant.

The flux F| is parameterized as

Fy=a.p(r,/p)” (1.20)
where «, 1s a function of wave age, which for developed seas (4, >12) is

approximately constant and equal to «, #100; 7, is the wave-form component of wind

stress. From(1.14) it follows that
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Ke/Ke,
T,=T,—

[ x——— 7 1.21
Y% " 1+ Ke/Ke, (121)

The surface value of the breaking-wave turbulence generation is then determined
from (1.14) and (1.18)-(1.19) as:

172 3/2
Sw(0)=aw( : } ((Ke/Ke”) i P (1.22)

BS,) (1+Ke/Ke,)" 0.062xc, (274,)"" P

Turbulence measurements in the near-surface layer of the open ocean are rare. This
kind of measurement is complicated by the presence of surface-wave disturbances and
some other factors. The velocity scale of turbulent fluctuations in the near-surface layer
of the ocean is about 1 cm s, while the typical surface-wave orbital velocity is of ~ 1 m
s, (This means that the disturbance is about 100 times stronger than the useful signal.)
The presence of such exceptionally strong disturbances from the surface wave orbital
velocities imposes special requirements on the measurement techniques and sensors for
observation of near-surface turbulence.

An extended open-ocean data set on near-surface turbulence has recently been
reported by Soloviev and Lukas (2003). These data were obtained during the month-long
COARE Enhanced Monitoring cruise EQ-3 using a microstructure sensor system
mounted on the bow of the vessel. The experimental techniques provided an effective
separation between the surface waves and turbulence, using the difference in spatial
scales of the energy containing surface waves and small-scale turbulence. The dissipation
rates were obtained within a wide range of wind speeds (up to 19 ms™).

Figure 1 shows the dissipation rates collected by Soloviev and Lukas (2003) during a

month long COARE cruise as a function of wind speed. The data in Figure 1 are not
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sorted by depth. The theoretical values of the surface dissipation rates due to wave
breaking calculated according to equation (1.22) provide the upper limit for ¢, which is
consistent with the data. Note that Soloviev and Lukas (2003) had to remove the data
affected by air-bubble disturbances, which explains a relatively low number of
experimental points close to the sea surface, especially at high wind speeds.

Convection as a source of TKE in the near-surface layer of the ocean is schematically
shown in Figure 1. Its contribution to the turbulent mixing under moderate and high wind
speed conditions is negligible. The convection as a source of the near-surface mixing can,
however, become important under very low wind speed conditions.

In Figure 2, the vertical profiles of the near-surface dissipation rate are compared to
several models of near-surface turbulence. The Craig and Banner (1994) model, which
results in equation for calculation of the surface dissipation rate (1.22), is in a reasonably

good agreement with the dissipation data.

5. Parameterization of the interfacial component of the air-sea gas

exchange

Assembling (1.1), (1.12), (1.17), and (1.22) into a single expression leads to the

following parameterization formula:
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_ Ac4aTgQ0V " Au4u*4 —+
c,p xc, (1+Ke/Ke,,)

172 3/2
Ap4aw( 3 \J ((Ke/Kecr) u*gv pa

K, =bSc™"? (1.23)

3/2

BS,) (1+Ke/Ke,)" 0.062xc, (274,)" p

where A, A, and A, are the weighting coefficients due to turbulence patchiness of

convection, shear, and breaking-wave generated turbulence, respectively. Assuming that

A =A,=4,, while according to equation (1.5): 4,~0.97. From the Woolf (1995)

model of breaking-wave-generated turbulence it follows that:

s(11\"* 1 1
Ap=g(?] W(W—lszASW(W—lj, (1.24)

where the whitecap coverage, W, can be parameterized via (1.7)-(1.9).

Taking into account (1.24) formula (1.23) transforms as follows:

1/4

Au, 1—a,ALRf,

e Scl?zA ((1+K0e/OKeO))U2 f(RfO’Ke’ AW) (12
0 cr

a,g0v

where Rf, = - 18 the surface Richardson number and
c,p(z,/p)

1/4
PP PO ( : 1) 3 ) (ke | manilieker ke | o
(272-)3/2 Ag W1/4 BSq paijecl‘ (1 _agAng;))KCTA:V/zR .

Ber

The dimensionless constant b entering equation (1.1) has been replaced for convenience
by b=a,'*, while the dimensionless constant ¢, is replaced by ¢, =a,’A,"/x. The
constant g, is defined in such a way that it is identical to that entering Katsaros’s et al

(1977) formula for free convection regime, which can be determined from laboratory

experiments.
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Note that relationship (1.25) resembles the formula derived from a boundary layer

model (Fairall et al., 2000) and from modeling surface renewals (Soloviev and Schliissel,

1994). The only difference is in a factor /' (Rf,,Ke, 4, ), which describes the effect of

turbulent patches.

Laboratory experimentation involving visualization techniques may help to
understand the physics of molecular sublayers and to estimate the value of numerical
coefficients entering the above parameterization formulas. The images of the water
surface under convective conditions shown in Figure 3 were obtained in the Air-Sea
Interaction Saltwater Tank Facility (ASIST) of the Rosenstiel School of Marine and
Atmospheric Science with a scanning infrared camera (8-12 pm wavelengths — FLIR
Systems ThermaCam with temperature resolution 0.02 K. The thin cool sheets (black on
infrared images) are areas of convergences, while the wide areas of warm water (white)
are areas of divergence. The spatial and temporal structures observed in the surface
temperature field are obviously linked to the near-surface turbulence. Note a pronounced
change in the surface structures from light (Figure 3a) winds to moderate (Figure 3b)
winds.

The images in Figure 3 are indicative of surface convergences resembling “surface
renewal” events. In view of the small penetration depth of infrared radiation (order < 10
um) it is unlikely that the images show structures of mere changes of the thermal
molecular boundary layer depth by the turbulent flow near the interface. (Note that these
images are taken at a relatively large water-air temperature difference.) The surface
renewal theory (Soloviev and Schluessel, 1994; Soloviev, 2006) allows derivation of a

coupled set of parameterizations for the velocity difference in the viscous sublayer, the
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temperature difference across the thermal sublayer (cool skin), and the interfacial gas
transfer velocity (for water-side limited gases). Based on the renewal concept Soloviev

(2006) derived numerical values of coefficients 4, and A, using data of laboratory

experiments of Garbe et al. (2001) and Zhang and Harrison (2004) respectively.

Taking the values of constants a, =0.25, 4,=0.9, and A,=7.4 from Soloviev
(2006) and ¢, =0.6 from turbulence results of Soloviev and Lukas (2003), factor f is
shown in Figure 4 as a function of wind speed and wave age. According to this graph, the
patchiness is important for wind speeds exceeding approximately 5 m s™. Developed seas

(A4, = 20) are the subject to stronger effect of patchiness then young seas ( 4, = 10).

The model constant A, is linked to the coefficient A introduced by Saunders
(1967) as follows:
A=Pr'?A,. (1.27)
From the determination of A, = 7.4 and Prandtl number Pr=7.5 (at atmospheric

pressure, 20°C temperature, and 35 ppt salinity), from relation (1.27) it follows that
A~ 2.7, which is much lower than previously accepted values but close to the direct
measurement of the cool skin with a micro-wire sensor made in ASIST by Ward and
Donelan (2006).
The parameterization for the air-sea gas exchange is finally represented by a sum of
interfacial (1.25) and bubble-mediated (1.6) components:
K=K  +K, (1.28)
Figure 5 compares parameterization (1.28) with the results of direct, eddy-correlation

measurements of the CO; air-sea flux during GasEx-01 (Hare et al., 2004). The resultant
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curve demonstrated in Figure 5 suggests a good agreement between model and
observations encouraging further exploration of the applicability of boundary-layer
models for parameterization of the interfacial air-sea gas transfer velocity.

Surprisingly, in the wind speed range up to approximately 10 m s™ the theoretical gas
transfer velocity appears to be insensitive to the wave age. This is explained by the fact
that the bubble mediated and interfacial components of the gas transfer depend on the
stage of the wave development in an opposite way, thus compensating each other within
the range of low and moderate wind speed conditions. Under high wind speed conditions
when the bubble-mediated component significantly exceeds the interfacial component,

the parameterization exhibits higher values of the gas transfer velocity for old (4, = 20)

than young ( 4, = 10) seas.

6. Remote sensing approach

During TOGA COARE, Soloviev and Lukas (2003) reported good agreement
between the TOPEX/POSEIDON satellite (Callahan et al., 1994) and shipboard
observations of the significant wave height and wind speed. For demonstration purposes,
the eddy-viscosity model of near-surface turbulence described in Section 4 is forced with
the significant wave height and wind speed obtained from the TOPEX/POSEIDON
satellite (Figure 6). The surface value of the dissipation rate of the turbulent kinetic
energy due to wave breaking and the CO2 gas transfer velocity calculated from (1.11)

and (1.28) are shown in Figure 7.
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Under moderate and high wind speed conditions, £(0) ~U a3 /H, and K ~U*H"*

where U, is the wind speed and H, is the significant wave height. The error in the

determination of U, and H, from satellite data translates into the relative error estimates:
Ae/e(0)=[(3AU,/U,)* +(AH, /H)*]"?,

AK /K =[(3AU,/U,) +(AH,/H,)*]"* /4.

The commonly accepted RMS error estimate for satellite derived wind speeds is

AU, =2 m s, Callahan et al. (1994) found that in the range of SWH between 1.0 and

3.5 m (this range covers the majority of SWH values encountered in the ocean), the RMS

disagreement between the TOPEX altimeter and buoy SWH was AH_ ~0.17 m with the
mean offset of —-0.03 m. The above error estimates suggest that the error in wind speed

will dominate, which results in Ag/&(0)~3AU,/U,, and AK/K:%AUa/Ua.

Intensive surface wave breaking is observed at U, > 6 m s, which corresponds to Ag/(0)
<1 and AK/K <0.25. Due to the strong intermittence of turbulence, the dissipation rate
of turbulent kinetic energy is known within a factor of 2 (Oakey, 1985). Thus the error in
gas transfer velocity is about 25%, which is the usual accuracy of the bulk flux
algorithms. For U, > 6 m/s (moderate and high wind speed conditions), the error in the
wind speed measurement from satellites therefore is not the main limiting factor of the
remote sensing techniques.

Under low wind speed conditions, the upper ocean turbulence and air-sea gas
exchange may depend on air-sea heat fluxes. The air-sea heat fluxes can be estimated
from satellite data (Schliissel et al., 1995; Schulz et al., 1996: Benthamy et al, 2001;

Jones et al, 2001; Pinker et al., 2001; Benthamy et al., 2003, and Jo et al. 2003, Pan et al.,
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2004). Space-borne infrared and microwave imagery from the Advanced Very High
Resolution Radiometer and from the Special Sensor Microwave/Imager has been used to
retrieve boundary layer parameters for the time period corresponding to GasEx-98
(Schliissel and Soloviev, 2001; Soloviev and Schliissel, 2002). These are the sea surface
temperature, surface friction velocity, low-level atmospheric humidity, near-surface
stability, and the atmospheric back radiation. These parameters are used to calculate
energy and momentum fluxes which in turn are used together with surface renewal
modeling to parameterize the temperature difference across the thermal molecular
boundary layer of the upper ocean and the air-sea gas exchange transfer velocity.
According to Benthamy et al. (2003), and Jo et al. (2003) the relative error in remote
sensing of the sensible and latent heat fluxes is normally 25-30%, which translates in
approximately the same error in £ and an even smaller error in K.

Surface films can dramatically reduce the air-sea gas exchange through modification
of the capillary wave field (Frew et al., 1995). According to Bock et al. (1999) and
Jaechne et al. (1987) the gas transfer velocity shows a reasonable correlation with the
mean square slope regardless of the surfactant concentrations. Due to the fact that the
remotely sensed wind speed (like that shown in Figure 6) is determined from the mean
square slopes, these wind velocities have in effect been adjusted for the influence of
surface films. Consequently, the use of such adjusted wind velocities in estimating the
gas transfer velocity substantially eliminates the need to make further adjustments for the

presence of surface films.



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

7. Advanced remote sensing algorithm

Breaking is the main factor in wave energy dissipation (Komen et al., 1994). Terray et al.
(1996) and Gemmrich and Farmer (1999) suggest that the energy transfer from the wind
to the wave field is the driving parameter for wave breaking. The flux of kinetic energy to

waves from wind can be determined as the integral of the growth rate, S, over the wave
spectrum, where [ is the e-folding scale for the temporal growth of wave energy in the

absence of nonlinear interactions and dissipation (Terray et al., 1996). Then,
oS,
Fzgja—t’da) do=g|pS,dodo (1.29)

where S, (a),ﬁ) is the frequency-direction spectrum of the surface waves. A formulation

due to Donelan and Pierson (1987) relates /S at each frequency to the wind speed as

ﬁ:0.194p“( Ury 086 _ J| 4 €050 1‘ (1.30)
w o, c(k) | c(k)

where the wind speed at one half wavelength (n/k) is taken to be the relevant forcing
parameter for a component of wavenumber, k, and c(k) is the phase speed.

The simplified version of the boundary condition for the wind energy input in the
form (1.20) may not work well in some cases. A more advanced version of the eddy-
viscosity model of near-surface turbulence may utilize directional parameters of the wind
and wave fields using approach (1.29)-(1.30). In particular, QUIKSCAT may provide
wind velocity vectors; while, a now-cast global wave-field model may provide the wave
directional spectrum. SAR images may give additional information about the long wave

part of the wave spectrum, which can be useful in some cases.
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Spaceborne Ku-band scatterometery have generally provided accurate surface wind
vectors to the range of wind speeds over which the global operational network of ocean
data buoys can be considered to provide accurate and unbiased wind speed
measurements. However, recently Donnelly et al. (1999) demonstrated that useful
sensitivity of Ku-band scatterometery exists to wind speeds of at least 40 m/s by the
analysis aircraft flight data in hurricanes for regions free from rain. As shown by Atlas
(1999), SCAT data can also have a significant impact on numerical weather prediction if
the 10-meter winds in extratropical cyclones are assimilated in a way which extends their
influence to higher levels in the atmosphere and which allows more accurate retrieval of
sounder data through an improved surface pressure field. We can expect the impacts to
be even greater when SCAT retrievals that cover the range of 20-40 m/s are used. Most
current numerical weather prediction models assimilate scatterometer and SSMI winds
and then force wave prediction models. Ocean wave models like WAM and
WAVEWATCH generate directional wave spectra globally. Datasets of the directional
wave spectra will be obtained either from the FNMOC global forecast system or from
NOAA’s NCEP model predictions.

The bubble-mediated gas transfer velocity can be determined based on Woolf’s
formula (1.6) and the fractional whitecap coverage measures from satellite can be derived
from Monahan’s et al. (1983) model as a function of wind speed using both scatterometer
and passive microwave wind speeds. To estimate the whitecap coverage contribution
from the SSMI brightness temperature the proposed relationship by Wang et al. (1995)

will be used,
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W' =7.88x10"T,("K)—0.893
W' =8.96x10"T,("K)—1.528

where W: and W' are the whitecap coverage estimated from the horizontal 7, and

vertical 7, polarized sea surface brightness temperature, respectively. While most

whitecaps occur during active generation of waves, there are also conditions such as low
wind and swell that dominate in the tropical oceans when whitecaps are present.
Intercomparisons of the whitecap coverage determined from the scatterometer wind
vectors and the brightness temperature and wind speeds of passive microwave radiometer
measurements will lead to better estimates of the whitecap coverage for different sea state
and wind conditions. Higher resolution brightness temperature and polarimetry from
WindSAT has become available and will allow for more accurate estimates of fractional

whitecap coverage.

8. Conclusions

The boundary layer model described in this work is based on the physics of
turbulent boundary layer near a free interface. In contrast to renewal models (Soloviev
and Schluessel, 2004; Soloviev, 2006) the boundary layer model does not explicitly
include intermittency of exchange processes near the surface. Instead, it identifies the
connection between the interfacial gas transfer velocity and the dissipation of the
turbulent kinetic energy directly following (Kitaigorodskii and Donelan, 1984; Dickey et
al., 1984) or indirectly via the Kolmogorov’s internal scale of turbulence (Fairall et al,

2000). Since both the renewal and the boundary layer model are based on equivalent
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physical principles of the boundary-layer turbulence, they ultimately lead to quite similar
final parameterizations.

Though it is still a long way for producing robust parameterization scheme for air-
sea gas exchange providing global coverage (i.e., consistent with remote sensing
methods), there has been significant progress in this direction during the last decade. An
advantage of physically based versus empirical parameterizations is that the former can
potentially provide global coverage, while the latter will require adjustment of their
empirical coefficients for specific climatic regions, seasons, and, perhaps, even for single
weather events. The main uncertainties remain in the effect of surface films and bubbles

on the air-sea exchange as well as on the near-surface turbulence.
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Captions to Figures

Fig. 1. Each point represents a 10-min average (no sorting by depth in this graph) of the
dissipation rate of TKE from the bow sensors versus wind speed, U;s, at 15 m height,
during a month-long TOGA COARE cruise of the R/V Moana Wave (Soloviev and
Lukas, 2003). The equivalent electronic noise of the sensor is indicated as a horizontal

line &,= 1.8 x 10™° W kg™'; the level of dissipation rate due to free convection at surface

heat flux Q, =200 W m~, as horizontal line & =1.3 x 107 W kg™'. Theoretical surface

dissipation rates due to wave-breaking are shown for two values of the wave age, 4, .

Fig. 2. Normalized dissipation rate eH,/F versus dimensionless depth |z|/H; according to
field (open ocean) and theoretical results. Here: ¢ is the dissipation rate of the turbulent
kinetic energy, Fy the flux of the kinetic energy from wind to waves, and H; the
significant wave height. Wind speed range is from 7 m s to 19 m s”'. The Craig and
Banner (1994) model is calculated with surface roughness from waterside parameterized
as zo = 0.6 H,; the Benilov and Ly (2002) model is for H,./H,; = 0.4, where H,, is the

effective depth of the wave-stirred layer.

Fig. 3. Infrared images of the surface in twe RSMAS Air-Sea Interaction Saltwater Tank
Facility (ASIST) in (a) light and (b) moderate winds with an imposed air water
temperature difference 10 K. The water is warmer than the air and light areas are

warmer. The full range of shades corresponds to 2 K.
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Fig. 4. Factor f characterizing relative distribution of patchiness as a function of wind

speed and wave age 4, .

Fig. 5. Gas-transfer parameterization (1.28) for CO, at two wave ages in comparison with

the direct air-sea CO2 flux measurements during GasEx-2001 data by Hare et al. (2004).

Fig. 6. Wind speed and significant wave height from the TOPEX POSEIDON satellite:

September 26, 1992 - November 26, 1995, 30°N, 41°W

Fig. 7. Turbulence and gas transfer velocity estimates from the TOPEX/POSEIDON

satellite: September 26, 1992 - November 26, 1995, 30°N, 41°W.
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Fig. 1. Each point represents a 10-min average (no sorting by depth in this graph) of the
dissipation rate of TKE from the bow sensors versus wind speed, U;s, at 15 m height,
during a month-long TOGA COARE cruise of the R/V Moana Wave (Soloviev and
Lukas, 2003). The equivalent electronic noise of the sensor is indicated as a horizontal
line &,= 1.8 x 10"° W kg''; the level of dissipation rate due to free convection at surface

heat flux Q, =200 W m'2, as horizontal line & =1.3 x 107 W kg'l. Theoretical surface

dissipation rates due to wave-breaking are shown for two values of the wave age, 4,,.



687
688

689
690
691
692
693
694
695

696
697
698
699
700
701
702
703

10 |

lz/H

+  Soloviev & Lukas (2003)
& Thorpe et al. (2003) 1
¥ Drennan et al. (1996)
—Benilov & Ly (2002)
Craig & Banner (1994) | 1
— —-Terray et al. (1996) I
———Log layer asymptote
L L 1l L Lo

10'

Fig. 2. Normalized dissipation rate eH,/F versus dimensionless depth |z|/H; according to
field (open ocean) and theoretical results. Here: ¢ is the dissipation rate of the turbulent
kinetic energy, Fy the flux of the kinetic energy from wind to waves, and H; the
significant wave height. Wind speed range is from 7 m s to 19 m s™'. The Craig and
Banner (1994) model is calculated with surface roughness from waterside parameterized
as zo = 0.6 H,; the Benilov and Ly (2002) model is for H,./H,; = 0.4, where H,, is the

effective depth of the wave-stirred layer.
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warmer. The full range of shades corresponds to 2 K.
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