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Abstract. Langmuir circulation is often observed in ocean and natural lakes

together with the high-speed and low-speed streaks, i.e., the convergence and

divergence zones, respectively. This is a large-scale secondary current associated

with a generation of wind-induced water waves. Mass and momentum are

transported significantly from the divergence zone toward the convergence zone,

and consequently, strong downflows are formed in the convergence zone. These

hydrodynamic properties promote a generation of Langmuir circulation. Such a

circulation plays vital roles on three-dimensional mass and momentum

exchanges, and thus, it is very important to study hydrodynamic properties of

Langmuir circulation.
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1. Introduction

Langmuir circulation is a large-scale secondary current associated with the

generation of wind-induced water waves. This circulation is observed in the cross-

wind direction together with high-speed and low-speed streaks in the wind

direction, i. e., the convergence and divergence zones, respectively. Mass and

momentum are transferred significantly from the divergence zone toward the

convergence zone, forming strong downflows in the convergence zone.

Furthermore, a horizontal vortex induced by the spanwise variations of wind-

direction velocity is tilted by the Stokes drift. These hydrodynamic properties

promote the generation of Langmuir circulation. Such a circulation plays vital

roles on three-dimensional mass and momentum exchanges. It is, therefore, very

important to study hydrodynamic properties of Langmuir circulation in natural

lakes and ocean.

Leibovich(1977) discussed theoretically that the apparent stress appears in
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momentum equations associated with the generation of Stokes drift and the

vorticity vector. When the high-speed and low-speed streaks of streamwise

velocity component are generated on the free-surface, the momentum is converged

in the high-speed zone by the spanwise apparent stress, and in contrast, the

momentum is diverged from the low-speed zone. It is therefore found that the

continuity equation of fluid induces a downflow and upflow in the convergence

and divergence zones, respectively. Through a sequence of these processes,

longitudinal vortices, i. e., Langmuir circulations, are generated. This theory

proposed by Craik and Leibovich (1976) is called as CL2, which has been

supported since then by many researchers. Faller and Caponi (1978) conducted

laboratory experiments to visualize the streaky structure formed and conjectured

the presence of circulation, and pointed out the relationship between the streak

spacing and the wind speed. Mizuno and Cheung (1992) also conducted laboratory

experiments and examined the time-averaged cross sectional structure of

Langmuir circulation.

However, there exist many uncertainties about three-dimensional structures of

such large-scale circulations because we lack for reliable and accurate database

measured in laboratories. So, in the present study, PIV measurements were

conducted intensively in order to reveal the three-dimensional distributions of

velocity vectors and related their phase properties to consider the generation

mechanism.
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Table 1  Hydraulic condition

Case name H (cm) Ua (m/s) Us (cm/s) Hs (cm) fp (Hz) λw (cm) λc (cm) surface condition

C10-1

10

4.72 11.58 - - - 20 ripple
C10-2 6.41 15.70 0.21 2.93 5.36 20 2D-gravity wave
C10-3 7.31 19.41 0.39 1.69 11.52 26 2D-gravity wave
C10-4 8.88 24.91 0.58 1.47 17.00 32 2D-gravity wave
C10-5 9.69 27.37 0.79 1.39 19.66 40 2D-gravity wave

C15-1

15

4.64 11.36 - - - - ripple
C15-2 6.48 15.48 0.49 1.76 8.80 40 2D-gravity wave
C15-3 8.04 18.83 0.59 1.54 12.24 40 2D-gravity wave
C15-4 9.00 23.72 0.71 1.47 16.18 40 2D-gravity wave
C15-5 10.18 30.58 1.16 1.32 23.18 40 2D-gravity wave

C20-1

20

4.99 11.49 - - - - ripple
C20-2 6.55 15.50 0.56 1.76 8.81 40 2D-gravity wave
C20-3 7.65 21.78 0.82 1.54 14.15 40 2D-gravity wave
C20-4 8.48 27.55 1.00 1.32 20.89 40 2D-gravity wave
C20-5 10.10 36.60 1.71 1.17 31.22 40 2D-gravity wave



2. Experimental setup

The experiments were conducted in a 12m long, 40cm width and 50cm height

glass-made wind-tunnel flume. In this flume, the air-flow is generated over the

free-surface flow by a speed-controlled fan. The coordinate was chosen that (x, y,

z) correspond to the downwind, vertical and crosswind directions, respectively.

The channel bed was chosen as the vertical origin (y=0). The time-averaged

velocity components in each direction are denoted as (U, V, W), and the

corresponding turbulent fluctuations are (u, v, w), respectively. 2W laser light

sheet (LLS) was projected from the bottom of the flume. The present experiments

deal with two kinds of projections of LLS, i.e., cross-sectional plain (y−z) and
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Figure 1 Experimental setup



horizontal plain (x−z) indicated in Figs. 1 (a) and (b), respectively. The

illuminated seeding particles were taken by a high-speed CMOS camera

(1000×1000 pixels, 100frame/s). The time-variation of the instantaneous velocity

vectors (u, v, w) was calculated by a PIV algorithm. The wave fluctuation was also

measured using ultrasonic wave sensor located at the center of the flume.

The flume width was B=40 cm, the water depth H, the maximum wind speed

Ua and the significant-wave height Hs are varied as shown in Table 1. fp is peak

frequency of free-surface variation, λw is the wave length, λc is the spanwise

spacing of longitudinal streaks.
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3. Generation Mechanism of Langmuir Circulation

Leibovich (1983) discussed theoretically that the following apparent stress, per

unit mass, f appears in momentum equations associated with the generations of

Stokes drift Us=(Us, 0, 0) and of the vorticity vector Ω.

f=Us×Ω (1)

Eq.(1) can be rewritten as

f=(0, Us�U/�y, Us�U/�z) (2)

where U is the time-averaged wind-direction water velocity.

When the high-speed and low-speed streaks of streamwise velocities are

generated on the free-surface, the momentum is converged in the high-speed zone

by the spanwise apparent stress fz, and in contrast, the momentum is diverged in

the low-speed zone by fz. Therefore, the continuity of fluid induces a downflow

and an upflow in the convergence and divergence zones, respectively. Through a

sequence of these processes, longitudinal vortices, i.e., Langmuir circulation are

generated.

4. Results and Discussion

4.1 Time-averaged structures

Figure 2 shows the time averaged velocity component (V, W) for C10-2, C10-

5 and C20-3. The horizontal axis represents the crosswind direction with the

sidewall being the origin (z=0), and the vertical axis represents the vertical
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Figure 3 Streak structure in the horizontal plain near the bed



direction with the channel bed being the origin (y=0). Each axis is normalized by

the half width of the tank (b=B/2=20cm). The dotted line is the centerline of the

flume (z/b=1.0) and the red arrow represents the circulation predicted from the

vectors. Of particular significance is that four LCs appear in the low-speed wind, i.

e., C10-2(Ua=6.41 m/s), and whereas only two LCs are observed in the high-

speed wind, i.e., C10-5(Ua=9.69 m/s). In contrast, two LCs appear in Figure 2(c),

which has a different aspect ratio compared to Figs.2(a) and (b). This implies that

the wind speed may not be the only dominating parameter of LC. The dominating

parameter of LC will be discussed later on.

Figure 3 shows the time averaged streamwise velocity contour of the

horizontal plane at y/b=0.05 near the bed for C10-2 and C10-5. For C10-2, we

can observe a low-speed streak at z/b=1.2 and a high-speed streak at z/b=0.6 and

1.6. On the other hand, for C10-5, we can observe a high-speed streak at the

centerline (z/b=1.0) and a low-speed streak as it gets closer to the sidewall. The

tendency for C10-5 agrees well with the results obtained by Mizuno and Cheung

(1992).
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4.2 Phase analysis

Turbulence structure under the presence of wave is expected to show different

characteristics at each phase of waves. The phase ϕ was evaluated by using the

Doppler wave sensor and with zero-up cross method. Figure 4 (a) gives the

definition of the phases of wave. The trough of the wave is defined as ϕ=0(2π)

and the crest as π, whereas the maximum vertical velocity at the surface is defined

as ϕ=π/2 and the minimum vertical velocity as ϕ=3π/2. Figs.4(b) and 4(c) show

the phase averaged velocity distribution (V, W) of the cross sectional plane at

ϕ=π/2 and ϕ=3π/2 for C10-5. At ϕ=π/2, LC is pulled towards the surface and

the water is accumulated to the centerline. Whereas, ϕ= at 3π/2, it is pushed

towards the bottom of the flume and the water near the bottom gathers around the

centerline.

Figure 5 shows the vector and contour of the vertical distribution of the time-

averaged downwind velocity component at each phase for C10-5. The vertical

distributions are shown at z/b=0.5, 0.75 and 1.0. From ϕ=0 to 3π/4, the free-

surface level increases, and an upwelling is generated near the free-surface. From
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ϕ=π to 2π, the free-surface level decreases, and a downwelling is observed. A

rotary motion can be observed which corresponds to the wave motion. Focusing

on the contour, the positive value is concentrated around the crest. At z/b=0.5, the

frequency of the positive value is higher than that of z/b=1.0, and this suggests

that high-speed and low-speed streaks are formed at z/b=0.5 and 1.0, respectively.

4.3 Dominating parameters

Figure 6(a) shows the relation of the spacing of LC and the wavelength. The

horizontal axis is the wavelength normalized by the water depth, and the vertical

axis is the LC spacing normalized by the water depth. Data presented by Faller and

Caponi (1978), Faller and Woodcock (1964) and Matsunaga and Uzaki (2002) are

also included for comparison. There is a tendency that the spacing of the LC and

the wavelength shows a positive correlation, but there still is a large variance

between the results. The main reason for this variance may be the fact that the

experiments were carried out by different aspect ratio among the researchers. For

example, aspect ratios were in the ranges, 6 - 44 for Faller and Caponi (1878), 2.5 -

60 for Matsunaga and Uzaki (2002) whereas it was 2 - 4 in the present study. Since

the wavelength and wind speed is directly related, it is concluded that the wind

speed has a great influence in the formation of the LC.

Figure 6(b) shows the relation of the spacing of LC with the water depth. The

horizontal axis is the water depth normalized by the flume width B, and the

vertical axis is the LC spacing normalized by the flume width. Along with the

present data, the data presented by Faller and Caponi (1978), Matsunaga and

Uzaki (2002) and Mizuno et al. (1998) are plotted. It is found that there is a

positive correlation between the spacing of the LC and the wavelength, but the
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value of the normalized LC spacing does not exceed 1. This implies that the

minimum number of LC in a laboratory tank is 2 and that the LC is affected by the

sidewall if the value exceeds H/B>0.25. From these two results, it is notable that

both the wind and the water depth (or the aspect ratio) play important roles in the

formation of the Langmuir circulation.

5. Conclusions

The measured results allowed us to consider the generation mechanism of

Langmuir circulation. It was recognized that Langmuir circulation was certainly

formed in the laboratory flume. The dominating parameter related to formation of

circulation was considered by varying the wind speed ant the aspect ratio.
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