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                              ABSTRACT

    Experiments on the air entrainment in wind waves and the drop preduction from
 them, are carried out by use of a wind fiume, 22 rn long. A new mechanism of the
 air entrainment, that is caused by instability of small waves which override gravity
 waves and in which the surface tension exerts to a considerable degree, is fir$t observed.

 The lowest wind speed for the occurrence of this process is about 13m`sec-i (at
 10m level), which is considered to be one of the important critical wind speeds for
 air-sea boundary processes. Small droplets measured in the air above wind waves
 are confirmed to be produced by bursting of the air bubbles entrained in wind waves.
f

 Concentration-size distribution of the droplets in the air directly above the sea surface

 and density-rnass distribution of sea-salt nuclei at various heights, are derived, by
 theoretical treatment, from the results of the experiment. After some modification, the
 latter nearly represents the actual distribtttion of giant sea-salt nuclei in the atmosphere.

 The rate of production of droplets of each size grade, estimated by the experiment,
 is ensured also by comparison with an observation of salt fallout near the coast.
 Dependence of the rate en wind speed also agrees with the field ebservation. Distri-
 bution of the entrained air bubbles in wind waves is measured, and the coethcient
 of mixing in wind waves is estimated from it.

1. Introduetion

    Part of the atmospheric condensation nuclei, especially giant salt nuclei

which grow to droplets that can initiate rain from warm clouds, are believed to

originate from the ocean surface. Further, it is presumed that sea water droplets

which become salt nuclei are not large splashing water from wave crests, but

are small droplets produced when air bubbles burst at the sea surface. Studies

on the drop formation, by bursting of each bubble at sea water surface, has been

iznade by several investigators (1, 2, 3, 4, 5, 6, 7, 8, 9). These investigations show

that smaller bubbles eject droplets, kaving diameters of ten and odd percents of

original bubbles, thr,ough disintegration of water jet formed upon collapse of a

bubble cavity, and also that bubbles larger than a few mm produce comparatively

many droplets of a few tens micron, through shuttering of the bubble film.
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    Kowever, as to the actual process of entrainment of alr bubbles in sea water

and the drop formation from them, few studies have been made so far. Merely,

D. J. Moore and B. J. Mason (5) caught droplets in the air fiow above sea water

ln a wind-wave tunnel 6m iong; and D. C. BlaRchard and A. H. Woodcock (7)
measured the size and rate of rise of small bubbles in sea water, at the surf zone

after a breaking surf passed and large bubbles rose to the water surface, aRd

estimated the rate of formation of droplets through disintegration of jets from

the bubbles.

    In order to know the rate of supply of sea-salt nuclei lnto the upper air, it is

fu'st necessary to know the rate of production of sea water droplets at the air-sea

boundary, or the distribution of the droplets in the atmospkere very near the
boundary. Especialiy, quantitative as well as qualitative research of such dramatic

phenomena like the entrainment of air bubbles in wind waves and droplet produc-

tioR from them, must be also ln themselves part of the most important problems

in the air-sea boundary precesses. So a comprehensive experiment on the probiem

has been carried out, by use of a wind fiume of a comparatively large scale, and

a series of tlteoretical consideratlons has been made in connection with the actual

distribution of sea-salt nuclei in the atmosphere, as well as with the salt failout

near the coast.

    In the experiment, tap water was used, instead of sea water, to protect tke

installations from damage. There might be, in consequence, some discrepancy

beSween the results and the real pheRomena at the air-sea boundary. But, so
far as tke essentials of the pkysical processes are concerned, serious deviations

would not be found in the results.

2. ?rocedure and colldition of experimaent

  2.1. Proeedure of experimaent

    Tlte wlnd fiume used is set up at Ujigawa Hydraulics Laboratory of Disastef

Prevention Research Institute, Kyoto University. The fiume part is 21.6 m long,

O.75m wide, 1.02m high, contaiRing fresh water O.5m deep, the side walls being

made of polished glass. Tl?e wind is uniformly rectified through wlnd tunRel

8.6m long and wind speed at the entrance to tke fiume varies from O.5 up to

12.lm•secrii. Reflection of waves is prevenSed by a gentle bottom slope at the

end of the fiume, while an effort is made to remove surface contamination by

draining the surface water over tke bottom slope at tke end of the flume.

    Roorr; temperature was between 100C and 190C, while water ternperature was

betweeR 100C and 180C, humidity having been between 86 percent and 57 percent,

ift the course of the present experiment.
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     Methods of measurement of various elements were as follows.

   (i) Distribution of wind speed

     Wind speed profiles were measured by use of a miniature afiemometer of
 Robinson type, ttp to the height of 35cm above tlte undisturbed water surface,

 at 4.5m, 6.9m, iO.Om and 13.6m ln fetch. The inean wind speed in the cross
 section of the wind tunnei was also measured at the entrance to tke flume.

   (ii) Elements of wind waves

     Wave form was registered by an ink-writing oscillograph connected witk a

 resistance type wave-meter of H. Kunishi (10), at the above-mentioned four

 fetches. PeriQd and height of waves were read on the records, and the wave

 Iength was calculated from the wave period, by the well-known formula for
 surface waves, in which the surface tension is also taken into account.

   (iii) Bubbles

    The room was darkened and bubbles were photographed under an illumina-
tion. A camera was set at a fixed distance of 1m or 60cm from the glass wall,

and the focus was arranged at 3cm inside the wall. The depth of the focus
was 3.5cm or 1.3cm, respectively. Bubbies on photographswere read, by use of

a moving microscope with an arranged scale. Bubbles in water were not round

but flat, so that vertica} and horizontal diameters were read for each bubbie and

converted into ak equiva}ent diameter, by assuming the bubb}e shape to be an

ellipsoid. Motion pictures (64 frames per sec) and stereographs of bubbles
entrained in wind waves, were also takeR at a fetch of 10m.

   (iv) Droplets

    Droplets larger than 1001x were caught by a dye-treated filter paper 2 cm wide,

held vertical and normal to the wind. Method of the measurement is referred

to Y. Toba (11). For smaller droplets, a glass slide 5mm wide coated with MgO

(12, 13, 14) was adopted. The ratio O.86, between the droplet diameter and the

diametey of the crater made by it, was used. For drop}ets of 150--250pt aBd 250-v

350pt, both methods gave equivalent results, while for droplets of 100Nl50pt, results

by filter paper seemed to be unreliable, so that only results by glass slides were

adopted for this size. The eficiency of drop deposition on the filter paper and

glass slides, was checked by I. Langmuir and K. B. Blodgett's method (1945) cited

in A. H. Woodcock and M. M. Gifford (!5), and the measured number of droplets

for each diameter grade was multiplied by a correction factor. This factor was

found to be sig. nificant only for droplets smaller thag 50pt. Observation of droplets

was also rnade at the same fetches together w!th observation of wind profiles, at the

height ranging frcm, 8 cm to 25 cm, where wind profi}es obey the logarithmic law.
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  2.2. Distribution of wind speed and elements of wind waves

    Eight grades of the mean wind speed, ranging between 5.lm-secmi and 12.1

m•sec-i , were used. The observed wind profiles at each fetch are ll}ustrated in

Fig. 1. Retween 8cm and 15NJ25cm in height, they were represented appro-
ximately by the logarithmic law. Wind speeds at 10m level were calculated
by extrapolating these values. The values are listed ln Table 1.

   Average period and average wave keight of the main gravity waves read from

the wave records, and wavelength and steepness calculated from them are illust-

rated in Fig. 2.

3. Air entrainment in wind waves

  3.1. Meehanism of the air entrainment in wind waves

   The breaking of crests of large gravity waves reached to a maximum steep-

ness has been so far regarded as the principal mechanisrn of the air entrainment

and bubble formation in wind waves. At shores, a plunging breaker is con-
sidered to be an effective rnechanism for the entrainrneRt of bubbles. In the

present experiment, another important mechanism has been observed for the first

time. It is the entrainment of air bubbles caused by instability of small waves

which override the large gravity waves, and in which the surface tensioR exerts

to a considerable degree.

   W. H. Munk (16) proposed a hypothesis for the fact that short wavelets are

found forward of the crests of Iarge waves. According to him, it is in such

conditions that the sum of the phase velocity of foregoing capillaries aRd the

orbital velocity of underlying wave is equal to the phase velocity of the under-

lying wave. A. H. Schooley (17) observed, in a small wind-wave tunnel, capillary

waves which ride on the front of larger gravity waves and progressed with the

sarne velocity as that of larger gravity waves. In the present experiment, these

fine capillaries are also observed for 5 or 6m•secnti in the mean wind speed

(Fig. 3). But when the interference between trains of underlying gravity waves

affects the orbital velocity of the waves, this condition breaks, and capillary

waves that exist closest to the crests, are observed to move back relatively to

the main gravity waves, and again lead the next crests of gravity waves.

   When the wind speed increases furtlter and main gravity waves become larger

and more irregular, the above regularity no longer exists and all over the water sur-

face becomes covered by wavelets, the wavelength of which is less than several

cm, and which progress backward relatively to the main gravity waves. Fig. 4

shows this stage. At the first glance, main gravity wave train progresses with
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a certain speed, aRd wavelets on it exist at random. However, if one turns one's

eyes away from the main wave train, and set them to wavelets, one will find a

pattern of wave}ets progressing with a speed smaller than tkat of the gravlty

wave train which passes through it. It appears to converge where crests of

main waves pass, and diverge where troughs of them pass, namely, it seems that,

through a medium of the pattern of wavelets, a longitudinal wave train progresses

with a phase velocity equal to that of the main gravity wave train. This kind

of convergence had been pointed out by P. J. H. Unna (18) for larger gravity

waves, and was cited by Munk (19). This kind of convergence and the,inter-
ference of wavelets, as shown in Fig. 3, increase the steepness of the wavelets.

These wavelets of large steepness also have a profile that peaks downwards, which

is the reverse of the case of gravity waves, as Schooley (17) observed for small

capillary waves. Fig. 5 shows the typical profiIe of this type. The water surface,

as seen from beneath, looks like a ceiling of a stalactite grotto (Fig. 6). This again

confirms G. D. Crapper's theory (20) of capillary wave profiles. As Crapper

suggested for pure capiliary waves, air bubbles are enclosed at the troughs, and

scatter into water by turbulence as showR in Fig. 7. Since the profiIe of these

wavelets may be determined by factors such as the surface tension, the accele-

ratioR of gravity, the viscosity, etc. bubbles thus entrained will have a definite

size range, but because of the very complicated situation the definite size range

does not manifest itself apparently. Further developed conditions of the air

entrainment of this type are shown in Fig. 8. AIthough bubbles are being
entrained, basic gravity wave itself is not aiways breaking, as understood from

the photograph.

    The condition in which this mechanism of the air entrainment first occurs

will be shown in 3.3. The wind speed is much greater than ferce 4 on the

Beaufort scale, aRd is about 13m-secrmi (10m level). This mechanism is ex-

pected to occur all over the crests of comparatively small gravity waves at the

sea surface, when wiRd speed exceeds further this value. This wind speed is
considered to be an important critical wind speed for air-sea boundary processes.

As this mechaRism of the air entrainment is much affected by the surface tension

of sea water, a change in the surface tension at the sea surface may result in a

corresponding change in the rate of production of sea-salt nuclei over the oceans.

  3.2. Distributioll of the air bubbles in wind waves
   Bubbles are entrained when some main wave crests pass, aRd rise through
water until the next entraiRment occurs. To obtain an average vertical distribution

of entrained bubbles, for each wind speed and for each fetch, it is desirabie to

take at random time a number of photographs for each condition, and to tal<e an

              }
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average of thern. But it is rather useiess, because there appears no bubble on

the majority of the photographs, especially for lower wind speeds, Thus, an

alternative method is employed to take rather a small number of photographs,
by aiming at instances when bubbles come in sight of the camera, and to estimate

the average distribution of bubbles by use of the other properties together, which

are explained in the next section.

    The number and the size of bubbles on photographs havebeen read for each

depth below the water surface. Examples of the vertical distribution of bubble

number are shown iR Fig. 9. As seen in the figure, the number of bubbles
decreases exponentiaily with increasing depth. This vertica} distribution can

be used to estimate the coethcient of mixing in wind waves, which will be

mentioned in the last section of this paper.

          !oo
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             Fig. 9. Examples of the vertical distributiorr of the entrained
                   air bubbles in wind waves.

  3. 3. Rate of entrainment of the air bubbles in wind waves
    It can be considered that there exists aR equilibrium condition, in an average,

between bubbles entering from water surface and those rising to the surface.

Consequently, the average rate of entrainment of bubbles (B) can be estimated

by the product of average concentration at the surface (ee) and the rising velocity

(w) of bubbles for each bubbie size. Namely,

                                B ==: weo.

But, e, is not known and what is actually known is eo', which is an average

surface concentration of bubbles at a region of the wave train where bubbles
are formed. To reduce Oe' to eo, some factors that represent a proportion of the

region of wave train where bubbles exist to that where they do not, must be
multiplied. One factor is a'/leO, where a represents the percentage of crests
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of main gravity waves that are entraining air bubbles (not all of the crests of

main gravity vvaves entrain bubbles). Values of a are shown in Fig. 10.

   As seen from the figure, the lowest wind speed for the occurrence of the air

entrainment at 13m in fetch, is 7.5m•sec-i in the rnean taken in the tunnel
section, and this corresponds to 13m•sec-i at 10m le' vel. The critical wind speed

increases with decreasing fetch. However, curves in Fig. 10 seem to saturate

already at 13m in fetch, so that this critical wind speed may apply to the open

ocean.

   The other factor is [e']/Twfi,', where [0'] means the total number of bubbles,

for each size grade, contained in a water column of unk base area, and T is the

period of 'the main wave. The ratio [e']/weo' means a sort of residence time,

or an average life-time of bubbles in water. The terminal velocity of the air
bubbles in water (w) was examined critically in a paper by R.L. Datta et al. (21).

According to 2t, the velocity of small bubbles increases almost linearly with an

increasing bubb}e size, and reaches about 32cm•secww' for a bubble of 2mm in

diameter, then decreases to 24cm•sec-' for one of about 6mm, and then in-
creases slowly. The residence time is generally smaller than T. The ratio of the

residence time to T is thus understood to be necessary for reducing e' to e.

Consequently, B is given by

                           B = w oo' Å~ i[ltg6o Å~ T[wfi'Z,,

                             =- loao T[e•] .

    ['he calculated value of B for each fetch and each wind speed is illustrated
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in Fig. 11 for each bubble size. From tkis figure it is found that bubbles between

O.5 mm and 1 mrn in diameter are observed most frequently, and that this dominant

peak diminishes rapidly as the wind speed decreases or as the fetch decreases,

namely, as the rate of bubble entrainment decreases. Bubbles of this peal< seem to

be produced by great disturbance of water due to turbulent motioR in waves, when

bubbles are being entrained. The vaiues of B per equal log(bubble size) interval,

are calcu!ated by smoothed values from Fig. 11, and are shown in Fig. 12 for

13.6m in fetch. Tke curves have nearly symmetrical shapes, with their axes

between lmm and 2mm in bgbble diameter, the axes tending to shift to Iarger

diameters for lower wind speeds.

4. Drop production from wind waves

  4.1. Drop production hy bursting eÅí air bubbles
    It seems that there are at least two different mechanisms of drop production

by bursting bubbles. One is the disintegration of water jet formed upoll collapse

ofabubble cavity. Relations among the size, the number and the kelght of the

ejection of these droplets, and the bubble size and the temperature for sea water

were studied by C. G. Boyce (!), D. C. BIanchard and A H. Woodcock (7), S. Hayami

and Y. Toba (8) and others (2, 3, 4, 5, 6, 9), and for fresh water, by O. Stuhlman

3r• (22) and D. M. Newitt et al. (23). From these results, one can see that the

droplets have a size of ten and edd percents of the origiRal bubbies, and that the

occurrence of this mechanism is mainly restricted to bubbles sma!ler than 4mm

in diameter, and further that the ejectlon is most conspicuous for droplets of

about 300pt in diameter.

   The other meckanism seems to concern with the shuttering of bubble film.
Using sea water, B. J. Mason (6) observed that, besides the large drops produced

by disintegration of the jets, bubbles greater than 2mm diameeer produced a
second group of droplets having diameters between 5pt and 30pt, bubble of 2mm

diameter producing, on an average, on}y about one droplet in this size range.
This group of droplets was also measured by D. M. Newitt et al. (23), who
measured for bubbles ranging between 3.lmm and 5.3mm of fresh water. The
mean size of these droplets }ay between 60pt and 20pt. The majority of these

droplets were formed below lcm in height. The number of the$e droplets is
found to be nearly proportional to the area of bubbie film calculated by Y.
Toba (24), and about 50 per1crn2of tke film, as shown iR Table 2. This relation

seems to show that this group of droplets is produced by shuttering of bubb}e

film. ExperimeRts by K. IsoRo (9) on bubbles of sea water of 3mm diameter
also show similar results in size distrlbution of droplets, but the number i$

rather large.
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Tab!e 2. Summarized
   and droplets

relation between bubbles
produced from them.

Bubble
diameter
 (rnm)

o -- o.s

O.5-v 2.0

1.0N 1.5

1.5ev 2.e

2.0-- 2.5

2.5-v 3.0

3.0"- 3.5

3.5N 4.0

4.0N
4.5N
5.0N
5.5-

i,ii
6.0N
6.5-.

7.0-
7.5fi-

:z
g.ot-- 8.5

8.5"--- 9.e

9.0N 9.5

9.5--10.0

Dreplets from jet
Allotment
of bubble
 number
  (o/a)

ii

li

Diameter
  (pa)

  o•- so

 50-100
100•-150

l50r-25e

250-350

350--450

450--550

550"--•650

650-•750

 Number
per bubbie

t4

3.6

2.5

1.6

1

l

Droplets frorn film

Number assumed
to be 50 per 1cm2
  ef bubble film
(Diameter : OAJ50pa)

O.O05

O.045

O.17

O.42

090

1.6

2.7

 4.3

 6.2

 8.7

11.6

:i e

i,i

Number from
  data by
Newitt et al.
    (23)

1.6

2.4

 3.8

 60
ll

Table 3. Values of Fi': the rate of droplet production from
   wind waves, estimated from the rate of entrainment
   of bubbles, at 13.6m in fetch. (cm-2•sec-ixl03)

Droplet diameter
      (")

VV (m.sec-i)

12.1

      fFrGm
e-v se iFrom

      XSum
 se--loe

100--250

    1jet

film

l50N250
250--350

350N450
450N550
550--650

650N750

 210

1700

1900

 710

 400

390

200

 91

 48

 42

 34

ll.6

200

450

650

420

22e

230

100

 45

 22

 l9

 13

10.8

 59

220

270

140

 92

9.7

122

 58

 22

  9.0

  6.5

  5.0

i 7i

35

13

 5.3

 3.7

 2.8

8.7

 6.8

37

44

18

16

24

14

 6.1

 2.9

 2.4

 !.8
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    Mason (6) fouRd, in a cloud chamber, that bursting bubbles produced much

larger numbers of particles of a third group too sma}1 to be detected by conven-

tional methods. The number oÅí these particles was between 100 and 206 for a

bubble of 3mm diameter, and their salt contents lay between 10wwi5gm and
2Å~10wwi` gm (O.4-vl.Opt in droplet diameter). Droplets of this group were far srriall

to produce giant nuclei.

    Difference between sea water and fresh water may be significant, but it does not

seem to be essential, at least so far as the resuits of the above-mentioned experi-

ments of drop production revea}. For example, the eMciency and a critical point

of drop ejection, measured by Hayami and Toba (8) by sea water bubble, seem
!Rdistinct in the experiment by Newitt et al. (23) for fresh water, but the latter

shows similar features to the former; namely, the eMciency of drop ejection by

jet disintegratlon seems to fall from about 3mm to zero by about 6mm diameter.

The size of ejected drop}ets is also close in both cases.

    Relations which combine the rate of bubble formation with the rate of droplet

formation from the bubble, are summarized in Table 2, which also contains the

comparison between the number of droplets produced by shuttering of bubble

film obtained by assuming the prodttction rate to be 50 per lcm2 of film, and

the value from the experiment by Newitt et al. (23).

  4.2. Rate of drop preduetion estimated from the entrained air bubbles in

       wind waves
    Using Table 2 and smoothed values of B in 3. 3, the rate of drop production

from wind waves is estimated as shown in Table 3 for 13.6m in fetch. It is

seen that the number of droplets produced by film shuttering is much largei'

than that by jet disintegration. The items of the former are illustrated in Fig.

13, showing that bubbles of several mm in diameter are mest responsible for
drop formation of this group.

  4.3. DisÅ}ributien of water droplets in spaee abeve wind waves

    Frorn the number of droplets caught, in a given time interval, by dye-treated

fiker paper and glass slides coated with MgO and from wind profiles, the number

of droplets contained in a unit volume of the air was calculated for each drop

size grade, by taking account of the drop deposition error on ribbons. The

size grades smaller than 350pt are listed in columns I and II of Table 4. The

typical examples of the distributlon are shown in Fig. 14 for 13.6m iR fetch.
Results of the droplet measurement by dye-treated filter paper, are also close to

results of an experiment carried out by S. Ol<uda and S. Hayami (25) on the
evaporation from wavy surface, by use of the same wind fiume.



328 Y. TOBA

 H5
 $ 150

cii

5
8

 Yioo
 ee

g
 E so

e
2

    o

 Fig. 13. Relation between the nurnber of dreplets
   produced by shuttering of bubble film and bubble
   diameter, for 13.6m in fetch. Fig. 14. Examples of the distribution of
                                              droplet concentration (e) in the wind-
                                              flume, ebserved and calculated, for W==
                                              12.lm•sec"i and fetch=13.6m. The
                                              broken line is the calculated curve by
                                              Eq. (4? below.

    Consistency of the distribution of droplets in the space above wind waves,

 with the rate of production of droplets estimated in the last section, will be

exarnined theoretica}ly in the following chapter. The result will confirm that the

droplets are produced by bu' rsting of the entrained bubbles. However, much
larger droplets that had diameters of lmm or more were caught occasionally.
They could be distinguished from droplets produced by bubbles because of their

extraordinary sizes. They are considered to be sprashing water from wave crests.

                            '                      tt
5. Theoretieal eonsiderations

  5.1. Process of diffusion of droplets produced at the air-water boundary

    Consider a simple case where wind blows uniformly in a horizontal direction.

Take the coordinate origin at the entrance to the fiurne, the x-axis in the direction

of the wind velocity, and the g-axis positive upward from the still water surface.
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For the sake of convenience, consideraclass of droplets of the same diameter, or

of the same termlnal velocity. Let u denote the wind velocity, w the terminal
veloclty of the droplet faliing in the air, T the coeMcient of mixing, and e the

number of droplets contained in tke air per unit volume, or the concentration

of droplets in the air. Then, the equation of droplet distribution in the air is

given, under stationary conditions, by

                             oe cn)                                    e                                        02fl                           "6Mx -- WOIaTÅÄrpEJ2T2• (1)
Boundary conditions are

                      -TlltOa=F(x) at ?=o,

                                                                   (2)                          e=O at a=: Do,
and
                          e=o at x=O,
where F(x) represents the time rate of production of droplets per unit area of

the water surface. The solution of Eq. (1) subject to the conditions (2) is

given by

                 t7 "= IgF(x-2L){,/.1?7uRe-i,(g'lfl:22'YUili6"+2w2)

                             mm2-W.,.erfc(2W;/fffi+ZFt,)}.dz, (3)

where
                        erfc (x) nv 1-,/2ve. S,Xe-`2dt.

For infinitely long fetch the solution becomes

                          e == -IiL e-- t' 2 ==: 6,e'- S" x . ( 4 )
                              w

In this case, F is considered as constant.

   Further, when the d-roplet distribution given by Eq. (4) is brought on land

where the production of droplets at the boundary does not exist any longer,

the boundary conditions for Eq. (1) become

                        e == -IIL e'S'x at x- o,
                            w

                        fi ==O at g=oo, (5)
and
                        ae                        .-a-g =O at z=uaO,
                                       '
where the origln of the x-axis is taken at the coast, The solution for this case

is given as follows: '
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               e:=F[-k,-e'"e'mx-Sg{l7,,i.gg,=.-.,ww4-i,,(t-.g2+ge.:'pu-"2tvx)

                                 -293.erfc(Z'//tttt{-S-,tt,nv,='-.-)}dx]• (6)

  5.2. Cemparison of theoretieal ealculatiolts witk data from the experiment

       --Determination of the rate of diroplet prodiuetion Åírem wind waves

    To calculate f] by Eq. (3), it is necessary to determine F(x). iRa range of the

fetch within which the pi'esent exper2ment was carried out, F can approximately

be expressed, as seen from the values in Fig. 11, by

                         F == Fi(x-xo)/(1360-x,) ,

where Fi represents the value of F at 13.6m in fetc'n, x, being the fetch where

the air entrainment began to take place. For the case of W==:l2.1 m•secmi (W: the

mean wind speed in the tunnel section), 460 cm was adopted for xe.

   The terminal ve}ocity (w) of a water droplet srnaller than about 1.7mm in

diameter can be calculated from knowledge of the fiuid resistance exerting upon

a moving sphere. Value$ of w kas been calculated from tke formulae by C. N.

Davies (1945), which are expressed as fo}lows (26) :

           ,l?e -- CD2{ie2-2.3363 Å~ 10ne4(CD ,i?e2)2-- 2.ols4• Å~ 10-6(CD ,e?e2)3

                            - 6.9105 Å~ 10-9(CD 1?e2)4 ,

               for ,l?e<4 or CD.lee2<140;

           log Re -= - 1.29536 {- 9.86 Å~ 10rmi log (CD 1?e2)

                  - 4.6677 Å~ 10rm2[log (CD Re2)]2 -Y 1.1235 >< 10um3[log (Cp j?e2)]" ,

               for 3<,l?e<10` or 100<CDI?e2<4.5Å~10',

where 1?e and Cp represent Reynolds Rumber and drag coethcient, respectively.

They are glven by
                        CD Re2 ew 4(,oi- ,o.)gd3/3,e.v2 ,

                            yReand w==                             d'

where d is the diameter of the sphere, y is the l<inematic viscosity of the air, and

,oi and ,oa are tke density of the liquid and the air, respectively. It is noticed

that the water drop of diameter 142pt represents a critical point in the law of

terminal velocity. Droplets smaller than about this size (containing 7.5Å~10'8gm

of salts) can be picked up into the upper air easily as seen from tke following

section.

   For the value of t{, 1000cm•sec-' (a value at about g==10 cm) has been used.

l
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The value of op is said to be estimated by 'eww-e.4wxtfe, where w* is the friction velo-

city. It has been evaluated from the data obtained by H. Kunishi (27) on the struc-

ture of wind stress, based on measurements of the distribution of wind velocity

ln the same wind flume. It is found that w* tr107 or r/ =26.9e for W==12.1m•sec-i.

Thus, it is presumed that the representative value of tp in the present experi-

ment is about 250 c.g.s. for W==12.lm•sec-i.

    By Eq. (3) B was caiculated numerically for a case of dropiets of 50---100pt

in diameter, for rp==500 and '4th-250, respectively. The values are shown in Fig.

15 by clrcles and crosses respectively. The distribution of 0 calculated by as-

suming "lf==250 has the same gradient with the observation, but somewhat shifting

upwards. This shlft must result from an overestimation of Fi. The value of
Tt==250 is applied to all the drop size grades and examples of the calculation are

showR in Fig. 14 by cyosses. For drop size smaller than 100y., the calculation has

been performed by taking at first Fi to be unity, and parallel translation of the

resuks has been made to fit the observations, the distance of translation represent-

ing the true value of Fi. Thus obtained values of Fi are tabulated in column IV

of Table 4. The corresponding values of Fi estimated from the entrained bubbles

and denoted as Fi' (Table 3), are shown in colurnu V, and the ratio Fi/Fi' is shown

in column VI. For droplets smaller than leOpt, the ratio is about O.3. This

discrepancy between Fi and F,' can be well understood by the fact that Fi' has

been calculated by an assumption that each bubble produces droplets in a way

shown in Table 2, but, in fact, fiocking and coalescence of bubbles occur at the

water surface and reduce Å}he rate of formation of droplets. The reduction factor

thus seems to be about O.3 in the case of our experirnent.

    For droplets of 150-v250pt, the observed values of 0 are denser for larger a

cornpared wkh the calculation as seen frorn Fig. 14, and for droplets of 250--350pt,

the teRdency becomes strongex. This arises probably from a fact that these drop-

lets are ejected to some height when they are produced by disintegration of the

jets. The ejection is most conspicuous for droplets of 300pt, as stated in 4.1.

If one considers that the origin of a-axis must be taken at some levei above
water sutface owing to the ejection, for example, at e=-L3cm for droplets of 100-

1501x, at 2==6cm for those of 150--250!x and at e=:7cm for those of 250-v300pt, the

reduction factor talcAes values similar to the case of droplets smaller than 100pt.

In Table 4, the reduction factor for droplets larger than 100/.e is assumed to

be O.30. The calculated values in Fig. 14 are given after rnultlplied by the

reduction factor. This suMcient consistency between the observation and the

calculation confirms that droplets observed in the air above wlnd waves have

been produced by bursting of alr bubbles entrained in the way already described.
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Table 4. Values concerning the droplets
   wind speed is 22.8m•sec-i (at

preduced frorn wind
10m level) (see the

waves when the
context).

     I
Drop diameter
 of center of
  size band
    (ge)

   II
Range of
each size
 band
  (p)

 III

 tv
(crn•
Sec-i)

    IV
    F,
for size band
   of II
(cm-2.sec-i)

    v
    Fl'
for size band
   of II
(cmww2•sec-i)

VI

(ILIJ

FIi

   VII

Weo(x=t13,6m)
   F,

VIII IX
Ft Fi/w == eo(x =cx,)

  for 10pa
 size band
(cm""2.sec-i)

 for 10p
size band
 (Cm-3)

 8.6

17

26

34

43

  < 13
13-- 22

22- 30
30•- 39

39-- 47

O.22

O.85

2.0

3.5

5.4

O.11

O.161

O.147

o.e7s

O.035

O.O12

O.044

e.le

O.17

O,26

O.13

O.19

O.17

e.ogl

O.041

e.58

O.22

O.086

O.026

O.O075

Fi

lSum O.54 1.9 O.28

gg 47t- 73

73--100

iO.2

19.3

O.125

O.086

OA4
O.70

O.048

O.033

O.O047

O.OO17

Sum O.21 O.71 O.30

125 100--150 36.1 O.12 O.40 (O.30) O.93 O.023 O.OO064

200

300

150-250 68,8
250--•350 114

O.12

O.060

O.39

o.2e

(O.30)

(O.30)

O.95 O.O12

O.O060

O.OOO17

O.OOO053
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    It must be noted here that the calculated values of e lie nearly on straight

lines in the graphs, together with points by observation. Thls shows that,
although observed distribution of dtoplets appears exponential, it does Rot mean

that the equilibrium condition expressed by Eq. (4) is obtained. In reality, the

ratio weo(x==13,6m)/Fi, namely, the ratio of the rate of fall of droplets and the

rate of production of them at 13.6m in fetch, is calculated, and listed in column

VII of Table 4, which shows that the smaller the droplets are, the farther the

state is from the equilibrium, and that the equilibrium conditions (4) nearly hold

only for droplets larger than 150pt. The distribution of e calculated by Eq. (4)

for 150rv250pt in diameter is shown by a broken line in the figure. For 250•-u350pa

in diameter, the calculation by Eq. (4) only is performed.

   The obtained values of Fi are converted respectively to the value for 10/ct

band of the droplet size, and are listed in column VIII of Table 4, and are shown

in Fig. 16. The figure shows an outstanding peak at about 20pt in diameter. Also,

it exhibits that a group of droplets produced through the shuttering of bubble

logm (7n:Saltmass, 10-i2 gm unit)

1234 5O.2

=5
o -

cVsia

Ge

v"asO,1
'g

sx

oH
ta
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r.-t

o

  o loo 2eo 3oo            Drop diameter (pa)

Fig. 16. Productien rate of droplets from wind
       waves (Fi) when the wind speed is
       22.8m•sec-i (at 10m level). Values
       are shown for each iOpt size band of
       droplets.
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fiIm and which have diameters of a few tens pt, is superposed on a group of

droplets which are produced through the jet disintegration and which seem to

have a maximum frequency at about 60pt ln dropiet diameter.

    It must be noted that, according to an estimatien of the rate of evaporation

of droplets in the wind fiume before caught by the glass slides, droplets of the

8.6pt class may have been subjected to a significant change in size, so that a

possibility arises that the degree of fall in the number of dropiets, smaller than

20pt, is overestimated. ffowever, this error belongs only to droplets smaller than

10-iOgm in the salt content, probably.

  5.3. Distribution of sea-salt particles iR the atmosphere

    The value of F increases nearly linearly with the fetch, within short fetches

as used in the experiment, and the value of F in equilibrium state cannot be

estimated from the resuit of this expeyiment alone. But it may be supposed that

it would not assume a value much different from Fi (value of F at 13.6m in
fetch), because a value of wind stress over the water surface, measured at fetches

                                   log m
                       123 4 5'eo1

1-o1

2-o1

-ol

4t-ol

ill

o
-5o1

7lg•Fi

        leo 2oo 3oo      Drop diameter (pa)

Concentration of droplets at the surfaÅëe of
the open ocean (ee) when the wind speed
is 22.8rn•seÅë"i (at 10m level). Values
are shown for each IOIx size band of
droplets.
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greater than 10m by use of the same wind fiume by H. Kunishi (27), agreese
with a value obtained by K. Brocks (28) at the North and Baltic Seas, and the

value of a in 3.3 is also saturated already if the fetch exceeds 10m. So, it is

assumed that F is also saturated shortly and the value of Fi nearly holds in thff

open ocean. This assumption will be ensured, in this and the next sections, by

comparison of theoretical calculations using Fi with actual observations.

    The conceRtration'of droplets at the surface of the open ocean is given by

eo(x==oo)=Fi/w. The vaiues of 0o calculated for 10pt size band are shown in

column IX of Table 4 and in Flg. 17 for wind speed of 22.8m•secumi (10m level).

From the figure, it is fognd that the concentration of droplets increases mono-

tonously with a decreasing drop size, although tke rate of production is maxirx}um

at 20pt diameter.

   The size of droplets can be expressed by the mass of salt contained (m, in

10ww'2gm unit) by assuming that the droplets consist of sea water. Fig. 17 has

been redrawR in Fig. 18 by plotting de,/d(}ogm) against logm, where 0e is the

cumulative number of droplets, per unit volume of air at a :O level, containing

                 103

102

101

10o

  1

Fig. 18.

deo
d(log

Å~103
m)
l

idMo
d(}ogm)

`

  234 56  logm (m: 10-i2gm unit)

Concentration-salt rnass distribution and
density-salt mass distribution of sea water
droplets at the surface of the open ocean
wlaen the wind speed is 22.8m•sec-i (at
10m level) (see the context).
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salt less than or

rnass of sea salt,

equal to m, and
illustrated also in

   For the open

 equal to m. The salt mass density Mis defined as
per unit volume of air, in droplets containing salt less

the salt mass density-salt mass distribution at g==O

 Fig. 18.

ocean, Eq. (4) holds. Then comes

the total

 than or

level is

log {ILe = liil:g.3 -lil-a ,

so that it is considered that for every distance of
pt

de = 2,3 op/w ,

e reduces to one order smaller. This distance is a function of w as well as of op,

namely, it shows that larger droplets diminish rapidly at higher levels. Using

this relation, one can estimate the salt mass density in tke upper air frorn that

at the sea surface. Using the values of terminal velocity of sea water dyoplets

(w) shown in column III of Table 4, the salt mass density has been calculated
for alvnc O.1,1 and 2, and is illustrated in Fig. 19 by full lines. However, drop-

lets do not remain as sea water droplets, but evaporate and become iighter, and

the terrr}inal velocity becomes smaller. The effect makes peaks of curves shift to

l'
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19. Density-mass distributien of sea-salt particles
   at different heights (see the context).
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the right. Using the values of w for dry sea-salt particles, the salt rnass density

has been calculated in the same way, and is illustrated by broken lines in Fig. 19.

Actual conditiens may lie between these two cases.

    The salt mass density has a maximum value at logm=6 for e=xxO, as seen
from Fig. 18, but it has at about logm:=3 for e/tp=xeO.1, and at around logm==2

for e/op=xx1 or 2. If one assumes rp in the Iower atmosphere to be 10`, g/ep=O.1

will correspond to the ccndition at 10m level, and a/op==1 at 100m level. If rp is

105, e/op=1 will correspond to the condition at !OOOix} level. E. Erjksson (29)

calculated the density-mass distribution from fiight observations by A. H. Wood-

cock (30, 31) of sea-salt nuclei in the atmosphere at different wind ferces, and

obtained curves having similar features to those in Fig. 19. Considering that Fig.

19 represents a case of wind force==9, one may find that the order of magnitude

is compatible with each other. The distribution of e in the atmosphere is a

complicated problem in meteorology, nevertheless the above fact seems to give

a good support to the assumption that the values of Fi represent the production

rate of sea-water droplets at the open ocean surface for wind force=`'9. Tke other

support will be given in the following section.

    As to the position of the maxima of the curves in Fig. 19, one find that they

shift to the left compared to Eriksson's figure. This may be explained by the

coalescence of droplets' in the course of their circulation,

  5.4. Sa!t fallottt near the coast, and dependence on wind speed

    I. Kita and T. Aya (32) rneasured the rate of fallout of sea salt, between

20m and 1000m inland from the coast of Tadotsu, under a condition of the wind

speed up to 20 m•sec-i, and obtained the following empirical Iaw :

                               q.,, eO.34"+O.Sx-1, (7)

where q represents the rate of fallout of CI in mg•m-2•hrbe', u the wind velocity

in m•sec'i, and x the distance from the coast line in m. If one assumes that

the salt fallout has the same contents with sea water and considers the rate

of fallout of total sea salt, q', in 10wn6mg•cmum2•secmi, the above formula will be

reduced to

                              e' ,.. eO.34"-2.19x"1. (8)

The formu}a (8) is ca}culated for um=22.8, and the value is shown by a broken

line in Fig. 20.

    On the other hand, using Eq. (6), the salt fallout on land near the coast can

be calculated as follows:
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               20. Salt fallout near the coast. The full line is calculated
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            q'(X, u) xx: :MWOe

                   me s.h.i mFw [i- Ig{,/TxZtp.xe- g/iS2iS'

                                    -Åí.erfc(2W;//optha)}dx], (9)

                                                       '
where the summation must be perfofmed concerning the droplet size grade. Eq.

(9) is calculated by using tlte value of Fi in coiumn IV in Table 4. An example

o'f the calculation of eo, by using values 'e--5>/<le3 and u==2><103 <c.g.s. units),

which are the conditions at about 2m level for wind speed of 22.8 iir}•sec-i, is

shown in Fig. 21. Tke calculated value of q' is Shown by afull iine in Fig. 20.

   If the full line is translated to the left by 25 m, it agrees with the brol<en

line exactly. This means that x==O has been taken at 25m off-shore in the calcula-

tion. In reality, there is a sea-bank about 3m high, and it is considered that

droplets produced near the sea-banl< are not brought on iand. The retfeat of

25m of x=O line in the' calculation, therefore, would not be unreasonable. The

above best agreernent seems to ensure 'the validity of the vaiue of Fi used as tl?e

value at the open ocean,

    In the empirical law due to Kita and Aya, the wind factor is expressed by

exp(O.34ec), when u is measured in rn•seclhi. On the other hand, as seen from Eq.

(9), the rate of salt fallout on land ls proportional to the value of F, as far as a
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          1.0
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           Fig. 21. Ratio eo(x)/eo(O) calculated by Eq. (6) for five grades of
                  droplet diameter.

class of droplets of the same size is concerned. Now, values of Fi' in Table 3

are multiplied by the reduction factor of O.3 owing to bubble flocking, and the

change of the rate of salt production with wind speed is obtained foer the three

classes of droplet size smaller thait 15ept, because classes of larger droplets do not

contribute to the sa}t fallout farther than several tens of the meter from the coast,

as Fig. 21 shows. The values also depend on the wind speed exponentially and

F or mF can be expressed roughly by the relation :

                   For mF == eO•40t`+censt• (u:m•sec-'), (10)

in the range o'f the wind speed between 15m-sec-i and 23m•sec-i. Thus, the
wind factor given by Eq. (10) agrees well with the result of field observation.

  5.5. CoeMeient of mixing in wind waves
   In wind waves, there is scarcely any net tfansport of bubbles in tke x-direction,

so that the distribtttion of bubble concenSration can be expressed by the equation

                              wgl!,2+rptop,4=:o, (ii)

where 8 represents the concentration of bubble in water, w the termina} velocity

of bubbies rising throttgh water, op the coeMcient of mixing in wind waves, and

the e-axis is taken positive downward irom the water surface. Tke boundary

conditions in this case are

and 31Åí2g :`,il/,Oel] a2)

o
26!x

5

eoo001v

?eslt

2Sxc

Qeloo2ooseo !co



340 Y. TOBA

where B is the time rate of the bubble formation at the water surface per unit

area. If v==const., the solution is

                            e=Ee-Y"= -= o,ep'S'", (13)
                                w

aRd e decreases exponentially with g.

    As the average distribution of bubble concentration decreases nearly exponen-

tially with depth, as shown in 3.2, it is considered that the above condition

holds in the range of the depth where bubbles are entrained, and one can estimate

the value ef v from the gradient of the graph showing the observed distribution

of 0, namely,

                            rp ": 2•3 (log Z,cr- log e)' (14)

    Now, for the three examples shown in 3.2, the valge of op is calculated

for each grade of the bubble diameter. They are shown in Table 5, together

             Table 5. CoeMcient of mixing in wind waves, estimated frorn
                      vertical distribution of the eRtrained air bubbles.

Bubble
Åëenter

 diameter of
of size band
(mm)

w (cm.sec-i)

WN-12.i m•sec-i
Fetch = 13.6 rn

W=12.1 m•sec-i
Fetch =10.0 m

rv==11.6m•sec-i
FetÅëh==13.6m

O.25 O.75 1.25 1.75 2.25 2.75 3.0<

4.e 12 20 28 29 27 25

42

9

61

ii 60

74

g,i 97 66
   31

71 80

i2
 (From the total
number of bubbles)

(20)

EI
with the valge of w used in the calculation. From this, it appears that the
estirnated values of op increase with the values of w, and tke relation between

rp and w is given by

                            v xx 6.5w3f` (c.g.s.),

that is, a/[2.3(logt7e-logO)] is proportional to w-'i`. The apparent change of op

with w may be attributed to the change of w itself due to an interaction among

many bubbles rising through water, because the values of w used in the above

calculation are based on the data for single bubbles given by R. L. Datta et aL

(21). If the value of v is assumed to be constant for all w as in the above
reduction, though it is probably a function of g, the constant value of op wiil be

obtained by assuming the actual rising velocity of bubbles (w') to be

                                w' == Cwil`, (15)



                DROP PRODUCTION BY BVRSTING OF AIR BUBBLES 341

where C is a constant. Eq. (15) means that the rising velocity of bubbles is

somewhat averaged in the case of grouping. Using this w' instead of w in Eq.

(14), one obtains

                                 op =6.5C.

Tke value of C cannot be determined unless the independent estimation of' if or

w' is carried out. The values of op obtained from the distribution oftotal bubble

concentration shown in 3.2 (Ng. 9) by use of a provisional representative value

of wm=20crr}•secww', are tabulated in the right column of Table 5.

6. Concluding remarks

    From the above studies we may come to the following conclusion. When
the wind speed exce6ds about 13m•sec-i (10m level), small wavelets in which

the surface tension exerts to a considerable degree and which have a profile that

peaks downward, begin to enclose air bubbles at their troughs on crests of under-

lying gravity waves. The bubbles produce srnall draplets when they burst at the

sea surface. Spiashing water from wave crests is in Iarge drops which fall back

quickly into the sea, but droplets which are produced from bubbles and which

contain salt less than 10ww'tvlO-8gm are easily transported into the upper air by

atmospheric turbwlence, and form atmospheric condensat'ion nuclei, among which

the giant sea-salt nuclei can initiate rain from warm clouds. These smaller sea-

salt particles are transported, as far as the inner part of continents, ceaselessly

and play an important role in the circulation of materials on the earth. Compara-

tively large droplets are also transported as far as several hundred meters from

the coast, and cause salt spray damage of the coastal plant.

    There are at least two different mechanisms for droplet productipn by bursting

bubbles, and they belong to either of the two bubble size ranges which are

divided by a few mm in diameter. Droplets carried up into the upper air or

transported far inland are produced mostly by film shuttering of bubbles of

several mm. This is derived from bubble size distribution in wind waves, the

nttmber of droplets produced from each bubble, and the diffusivity of droplets

in the atmosphere.

    As to the dependence of the ra,te of droplet production on wind speed
u (m•sec-i at 10m level), it is expressed approximately by exp(O.40u) in the

range of the wind speed between 15m•sec-i and 23m•sec-'. The rate of pro-
duction of droplets of each size grade for the wind speed of 23 mtsecp!, is shown

in Fig. 16 and column IV in Table 4. For this wind speed, the rate of produc-

tion of sea-water droplets having diameter from several to 150pt (containing

IO'i'gmty8Å~le-8gm of sea-salt), amount$ to O,87cm-2•sec-i in number, and to
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6.0Å~10mu9gm•cmm2•sec-i in total mass of salt. If one considers droplets from

several to 100/i (from 10thiigm to 3Å~10-8gm in sea-sait), the values become O.75

cm'2.sec-' and 1.7Å~10-9gm•cm-2•sec-i, respectively.

    The above estimated production rate of sea-water droplets has been checked,

by connecting lt theoretically wlth actual data of giant sea-salt nuclei obtained

by A. H. Woodcocl<, and with data of salt fallout near the coast. Now, the rate of

salt production may also be considered as a link of sea-sait circulation on the earth.

E. Eriksson (29) estimated the rate of total sea-salt deposition over the oceans to

be about 10rmii gm•cm-2•secwwi. On the other hand, the concentration of chloride in

rain watey has been measured by many investigators, and there is an outstanding

tendency that it decreases nearly exponentially with distance from the coast.
Generally, the concentration seems to be less than 20 mg•l-ji even at coastai areas

(3Qdi). This corresponds to the yearly total deposition of chloride by precipitation

of 200kg•ha-i•year-i in maxirnum, for leOOmm of annuai precipitation. This

value is seen also in figures by Eriksson (29). If tke deposition rate of chloride

(including dry deposition) over the oceaBs is twice this value, it will become

10NiOgm•cm-2.secmui. Depositon of the sea-salt on the continents is, according to

Eriksson (29), oniy about 10 per cent of the total deposition on the earth. IIence,

if one assumes that droplets smaller than 100•--v150ge produced at the sea surface are

all transported into the upper air, one will come to a conclusion that atmospheric

sea-salt is sufficient!y furnished if only from a few per mille to a few per cent

of sea surface area is always exposed to the wind of 23m•secwwi. On the other
hand, B. J. Mason (34) states that if the sea surface is to be capable of supplying

enough condensation nuclei for cloud formation, it must produce them at a rate

of about 10`•m-2•sec-' in number in the regions where waves are breaking. Even

if only one tenth of the atmospheric condensation nuclei is sea-salt, the above

rate will be 103•cm-2•sec-i. The resuk of the present study has revealed that

the rate of droplet and bubble formation is O.8 cm-2•sec-' for 23m•sec'i in wind

speed. If one bubble produces 100•--200 dropiets of the third group that contain

salt of IOwwi`-"10-i5gm as stated in 4.1, the production rate will become only

of the order of 102. Thus the rate of production of atmospheric sea-salt is
suMcien't in amount, but deficient in number. This concluslon seems to suggest

that one droplet produces many minute secondary salt nuclei while it stays in the

air and evaporates (35, 36, 37, 38, $9, 40), although giant sea-salt nuclei may

coalesce one another as shown in 5.3.
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