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Figure 5 Wind wave spectra of clean water surface and in the
presence of oleyl alcohol surface film — measurements in ASIST
facility of UM RSMAS. The 95% confidence interval is shown
by the dash-dot lines. The wind speed referenced to a 10 m
height was approximately Unw=3 m s~'. The dotted line
represents the ratio of wave damping decrements for surfactant-
covered and clean surface for oleyl alcohol (eqs. 1-4 in
Hihnerfuss 1987).
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Figure 6 As Figure 5 but for wind speed Uiy=7 m/s.

surface in the presence of surfactant, we selected the low wind speed case (Figure
5).
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Figure 7 As Figure 5 but for wind speed Uio=11 m/s.

4. Effect of surfactants on near-surface turbulence

Continuity of momentum flux at the air-water interface implies that
M=CU:=C, U3, Q)

where U, is the wind speed and C., is the drag coefficient from the air side; U, is
the speed of the wind induced current and C. is the drag coefficient from the water
side.

The addition of surfactant reduces sea surface roughness from the air side of
the interface due to suppression of short gravity-capillary waves. This results in
reduction of the drag coefficient from the air side and thus a reduction of the
momentum flux at the air-sea interface. The momentum flux at the air-water
interface in the presence of surfactants is

M=Cc/U:=C" U’} 2

where the prime denotes the same variable as in (1) but after the addition of
surfactants and C',<C..

In our measurements with DPIV using a vertical laser sheet, we observed that
the presence of a surfactant film increases the surface drift velocity by
approximately 25% (Figure 8). This observational result can be expressed as
follows:

UJ/~1.25U.,. (3)

Combining (1), (2) and (3), we obtain the following relationship:
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Figure 8 Averaged velocity profiles from DPIV (along tank component) from

experiments in ASIST: (a) Experiment 1, and (b) Experiment 2. Note that we used
oleic acid in Experiment 1 and oleyl alcohol in Experiment 2.
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Figure 9 Contour plots of velocity components (top: along tank, bottom:
across tank) from horizontal DPIV with the laser sheet at z= —2 cm

depth: (left) without and (right) with surfactant. Wind speed is U10=2.9
ms "\

c=C(UJU )VM'IM. 4)

If we assume for a moment that M’'=M, then an estimate of the drag

coefficient from the water side in the presence of surfactants according to (3), (4)
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Table 2 Variance of velocity components for the
fields shown in Figure 9.

Variance No surfactant ~ With surfactant
var (1), m* s 4.83-10°° 2.95-10°
var (v), m* s 2.86:10°° 2.15:10°
will be as follows:
C’.~C,(1/1.25)°=0.64C.. (5)

This is equivalent to the reduction of the drag coefficient from the water side by
36% due to effect of surfactants.

The momentum transmitted from the air to the water surface is reduced in the
presence of surfactant due to reduced surface roughness from the air side of the
interface, which means that at the same wind speed M’<M. Consequently,
according to (4), the effect of surfactants on the drag coefficient from the water
side in reality is even stronger.

In order to understand the nature of the effect of surfactants on the drag
reduction and increase in surface drift velocity, we investigated the horizontal
structure of the velocity field just below the water surface by using the DPIV with
a horizontal laser sheet at 2 cm depth. Without addition of surfactant, we observed
“streak-like” features oriented in the along-tank direction. In our experiment, the
streak-like features appear noticeably damped after the addition of surfactant
(Figure 9). This damping is also reflected in the corresponding values of variance
of velocity components shown in Table 2. Spectra calculated from the fields in
Figure 9 - and averaged over space and time - confirm the damping for
wavelengths in the centimeter range (Figure 10). Note that these spectra are
calculated across the tank from the along tank (z) and transverse (v) velocity
components. Experiment details are given in Table 1.

5. Discussion

The streak-like features observed in our experiment have previously been
reported from experiments and numerical simulations near the rigid wall (Lesieur
2008) and below the free surface (Dhanak ef al. 1999; Tsai 2001). Streaks of low
and high longitudinal velocity relative to the local mean velocity profile are a
generic feature of the turbulent boundary layer near a rigid wall. These streaks are
a type of coherent structure developing in the buffer layer between the viscous
sublayer and the area of developed turbulence. Such streaks are observed between
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Figure 10 Cross-tank spectra of u (along the tank) and v (across the tank) velocity components,
with and without surfactant, averaged along the tank and over 150 samples.

approximately z" =35 and z* =40—50, when scaled in wall units, z" =z/(V/ux),
where z is the distance to the surface, v is the kinematic viscosity, and ux is the
friction velocity. The streaks near the rigid wall are of spanwise size of about 100
wall units and of average length of 500 wall units (Lesieur 2008).

Figure 11 shows a schematic representation of the effect of the surfactant
monolayer on the near-surface circulation. Concentration of the surfactant in
convergence zones increases, which results in the reduction of surface tension.
Concentration of the surfactant in divergence zones decreases, which results in the
increase in surface tension. As a result, forces opposing fluid motion develop at the
water surface, which results in suppression of velocity fluctuations in the vicinity
of the surface. The thickness of the affected layer can be linked to Kolmogorov’s
internal scale of turbulence, which near the surface can be scaled in wall units, v/
Usx.

Near rigid walls, the near-surface streaks are subject to the Tollmien-
Schlichting (T-S) type instability leading to the development of ‘hairpin vortices’
and ejection of fluid from the viscous sublayer (Kim et al. 1987). A similar
instability, though possibly not exactly of the same type as that near the rigid wall,
can also develop near a flexible wall (Benjamin 1960; 1963) or a free surface
(Caulleiz et al. 2007). Soloviev and Lukas (2006) linked this type of instability
(resulting in fluid ejection from the near surface layer) to ‘ramp-like structures’,
which are almost always observed in turbulent boundary layers in atmosphere
(Antonia et al. 1979) and ocean (Thorpe 1985; Soloviev 1990). This type of
coherent structure is responsible for about 40% of the momentum transport across
the boundary layer.

A consequence of streak suppression below the surface is the reduction of the
drag coefficient from the water side of the air-water interface, which may explain
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Figure 11 Schematic representation of the effect of
surfactants on near-surface circulation.

the effect of surface drift velocity increase observed in our laboratory experiment
in the presence of surfactants.

Suppression of turbulence below the water surface due to the presence of
surfactants should also lead to the reduction of the air-sea gas exchange velocity.
In this laboratory experiment we did not investigate the effect of surfactants on gas
transfer velocity. This effect is discussed in more detail in the companion paper
(Matt et al. this issue).

6. Conclusions

Understanding the effect of surfactants on the air-sea gas exchange is
important for estimation of the CO, uptake by the oceans in low wind speed zones.
A series of laboratory experiments conducted at the Air-Sea Interaction Saltwater
Tank (ASIST) facility has demonstrated that the surfactant monolayer suppresses
turbulence and reduces the drag coefficient below the water surface and increases
the surface drift velocity. We assume that “streaks” and their intermittent
instability are essential phenomena in this process. Suppression of the near-
surface turbulence due to the elastic properties of the surface films is expected to
reduce the air-sea gas transfer velocity.
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