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ABSTRACT 
The vertical distribution of giant sea-salt particles in the 10-m layer over the sea 
surface, where humidity, eddy diffusivity, etc., sharply change with height, is analy- 
tically studied. A steady state with no horizontal gradient and with a logarithmic 
distribution of wind speed is assumed, but the vertical distributions of temperature 
and vapor pressure are taken into account in such a way that each droplet is assumed 
to instantaneously attain its equilibrium salinity for the environmental air at each 
level, and to remain as a droplet of supersaturated salt solution when the relative 
humidity is lower than 76 %. 

It is deduced that the vertical distribution of the number concentration of each 
class interval of mass of salt contained in e droplet should be approximately expressed 
by a straight line on a logarithmic diagram. Also, the logarithm of the ratio of the 
concentration of the particles at  the sea surface and at  the 10-m level is proportional 
to the two thirds power of the mass of salt, and inversely proportional to the wind 
speed at  the 10-m level. The proportionality factor is approximately e function of the 
relative humidity at  the 10-m level and a friction factor. This proportionality factor 
is calculated for various values of the variables and the effect of wind speed and 
relative humidity on the vertical distribution of particles is predicted. 

When this result is applied to data of the concentration and the effective production 
rate of sea-salt particles at the 10-m level compiled in the previous paper, complicated 
features disappear to give very simple patterns of the production rate or the surface 
concentration of sea water droplets as a function of wind force and of mass of salt. 
This represents predicted processes of production of sea-salt particles at the ocean 
surface, and gives some agreement with the author’s 1961 wind flume experiment. 

1. Introduction 
I n  the previous paper I s  we tried to elucidate 

mechanisms that would rule the distribution of 
giant sea-salt particles in the atmosphere as a 
whole by the use of various observational data 
available from many references. The link, how- 
ever, between the distribution in the atmosphere 
aa a whole and the process of production of the 
particles at the very sea surface, is found within 
the lowest atmospheric layer where the eddy 
diffusivity, the humidity, etc., sharply change. 
I n  other words, the wind speed, the humidity 
and other factors in this layer seem to  have an 

1 The research in this paper was sponsored by 
the Atmospheric Sciences Program, National Science 
Foundation, NSF grant G 22292. 

* Visiting Research Associate at  the University 
of Chicago from Kyoto University for the period 
of September 1963 to March 1966. 

s For convenience the letter “I” is used in referr- 
ing to the following paper: Y. TOBA, On the giant 
sea-salt particles in the atmosphere. I. General 
features of the distribution, TeZZw, vol. 17, No. 1 
(1966). 

Tellus XVII (1965), 3 

essential effect in the supply of the sea-salt 
particles t o  the overlying atmosphere. 

The importance of this layer will be eaaily 
recognized if we regard it in the following way. 
If the humidity of the overlying atmosphere is 
low, sea water droplets produced at the sea 
surface quickly become drier and lighter, and 
more particles can be suspended and supplied 
to the atmosphere than in conditions when the 
humidity is higher. Also the distribution of eddy 
diffusivity near the sea surface is closely related 
to  the wind speed, and the larger the eddy 
diffusivity near the surface, the more sea-salt 
particles will be supplied. 

I n  meteorology and oceanography, surface 
values of wind speed, temperature and other 
factors are usually referred to  the 10-m level, 
since they attain more regular values at this 
height. Furthermore, observations at sea are 
made at or near this height, and 10 m is the 
WMO international standard for surface wind 
measurements. I n  the following sections, the  
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atmospheric layer between the 10-m level and 
the sea surface is considered as the above-men- 
tioned boundary layer, and the effect of wind 
speed, humidity etc. on the distribution of 
giant sea-salt particles in this layer will be 
analytically studied, to obtain a new basis for 
an estimate of the geographical distribution of 
the particles over the world ocean. 

2. Equation for the vertical distribution of 

2.1. STRUCTURE OF THE 10-M LAYER AND THE 

sea-salt particles in the 10-m layer 

RELATED PROPERTIES 

Since sea-water droplets are produced after 
the wind speed exceeds some value and the air 
entrainment into wind waves occurs, we assume 
that the sea surface is fully rough. Although 
some deviation exists according to the thermal 
stratification, we assume, as a first approxima- 
tion, that the vertical distribution of wind 
speed, u, is expressed by the logarithmic law 
for the adiabatic atmosphere: 

u 1 z + z ,  
- ln-, 

U* k zo 

where k is von KB.rm&n’s universal turbulence 
constant (k =0.4), z the height above the sea 
surface, z ,  the roughness length, and u* the 
friction velocity which is defined by 

- 

u*= ( 3 ,  (2) 
@a 

where to is the shearing stress of the wind over 
the sea and e, the density of air. However, we 
take into account the vertical distribution of 
temperature itself, together with that of vapor 
pressure, when we deal with the equilibrium 
size of droplets. This will be discussed in 2.3 
and 2.4. 

One of the factors which enter in the following 
study is the friction factor or the drag coeffi- 
cient, yy, which is a nondimensional factor 
defined by 

(3) 
2 2  

to = Y I  eaulr 

where the subscript I refers to values at  a 
standard level which the surface wind speed is 
usually referred to, and which represents in 
the main part of this paper the top of the 10-m 
layer (1  = 1000 cm). Formerly, i t  had been con- 

sidered that there was an abrupt change of the 
value of 7; as well as other properties at the 
wind speed of 6-7 m sec-1: the value was about 
0.8 x for weaker wind speeds and about 
2.6 x for stronger wind speeds (SVERDRUP, 

1946; MUNK, 1947; etc.). BROCKS (1955), how- 
ever, re-examined data of vertical distribution 
of wind speed, temperature and water vapor 
by WUST (19371, MONTGOMERY (1940) and 
SVERDRUP (1946), and reported that there was 
no such abrupt change. DEACON et al. (1956), 
also showed, by observations of wind speed and 
temperature distributions over the sea, a gra- 
dual change in y: with wind speed: from y: = 

1.0 x 10-3  for uI =4-5 m sec-1 to y; =2.1 x 1 0 - 3  

for uf = 10-15 m sec-l. BROCKS (1959) showed 
by observations a t  sea that y: = 1.5 x and 
that the variation with wind speed seemed to 
be insignificant for the range of ul =2-14 m 
sec-1. WILSON (1960) synthesized estimates of 
y: by various authors and reported that the 
average value was (1.5 TO.8) x for low wind 
speeds of 4-5 m see-’ and (2.4 k0.5) x lo-% for 
high wind speeds of about 18 m sec-’. KUNISHI 
(1963) reported as a result of a wind flume 
experiment that y: remained nearly constant 
with a value of about 1.6 x near the wind 
speed of u1 = 10 m sec-l, and it had even a 
slight trough a t  12 m sec-l and again increased. 
The value of y ;  as a function of wind speed 
does not yet seem to be established and we 
will mainly use y1 = 0.04 for the present. 

Since the value of zo is related to i; by equa- 
tions ( l ) ,  (2), and (3), that is by 

(4) 

the value of z ,  corresponding to y ,  =0.04 be- 
comes 0.045 cm. If we use y l  =0.05 for higher 
wind speeds, the corresponding zo will be 
0.34 cm. 

As to the vertical distribution of eddy diffu- 
sivity very close to the sea surface, which is 
aerodynamically rough, there have been differ- 
ent assumptions. SVERDRUP ( 1951) synthesized 
five assumptions and compared them with some 
observational data. It seems that he could not 
choose one among the five because data were 
not sufficient, especially as to the value of zo:  
he used z ,  =0.6  cm which was estimated by 
ROSSBY (1936). ERIKSSON (1959) calculated an 
example of the vertical distribution of relative 
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FIO. 1. Comparison of the value of reoo obtained from various sources (see text). 
0,  OKUDA & HAYAMI (1969); 0-0, KUNISHI'S 1963 y; and Sverdrup's assumption No. 4; 0 ,  BROCKS 

Jacobs' K and Sverdrup's assumption No. 4; 8, WILSON'S 1960 7; and Sverdrup's as- 
, BROCKS' 1969 y; and 

(1956); 
sumption No. 4; - - - - - -, DEACON et al. 1966 7; and Sverdrup's assumption No. 4; 
Sverdrup's assumption No. 4; -- , zo = 0.6 cm and Sverdrup's aasumption No. 4. 

humidity by the use of Sverdrup's assumption 
No. 2: "Next to the surface there is a true diffu- 
sion layer of thickness 6 = 11.5 vIutr, where u,,, 
applies to a rough surface and v is kinematic 
viscosity of air. From the top of this layer the 
eddy diffusivity increases a t  the same rate as 
the eddy viscosity above a rough surface.'' 
According to the present situation, however, it  
seems that Sverdrup's assumption No. 4 is 
better than that of No. 2 as inferred below. 

The assumption No. 4 was expressed as: 
"There exists no layer of true diffusion. "he 
eddy diffusivity is a t  all levels identical with 
the eddy viscosity, 

D =ku,,(z +zo)." 

MONTGOMERY ( 1940) introduced an evaporation 
coefficient, defined by 

~ " (6) 1 du 
uo - ul d In z 

r l =  
po - ql d In z' 

where u is the vapor pressure, q the specific 
humidity and the subscripts o and 1 signify 
the values a t  the water surface and a t  the 
1-level stated before, respectively. In this case, 
the evaporation from the sea surface, E, is 
expressed by 

(7) 

but rl  takes various forms according to the 
assumption as to the vertical distribution of 
eddy diffusivity, and if we use the assumption 
No. 4, it must have the form (SVERDRUP, 1946): 
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In this case, using equation (4), it  follows that 

Consequently, we can examine the assump- 
tion No. 4 by comparing the value of rl which 
was obtained from the vertical distribution of 
vapor pressure by equation (6) and that which 
was obtained from the vertical distribution of 
wind speed by use of equation (9). Open circles 
in Fig. 1 represent values of rsoo obtained from 
specific humidity distribution by OKUDA & 
HAYAMI (1959) in a wind flume 21.6 m long. 
The corresponding values of rsoo from wind 
speed distribution were calculated from data 
of y: by KUNISHI (1963), which were obtained 
in the same wind flume, and entered by black 
circles connected by solid lines. (KUNISHI'S data 
were converted to the condition 1 = 800 cm to 
meet the data by OKUDA & HAYAMI.) It seems 
that the assumption No. 4 is correct between 
ul = 4 m sec-l and 17 m sec-l, although a value 
of raoo obtained from zo = 0.6 cm and equation 
(8) comes a t  a different level in the Figure 
(a broken line). For wind speeds below about 
4 m sec-l the water surface wa,s not fully rough 
(KUNISHI), and for wind speeds above about 
17 m sec-l, the evaporation of droplets seemed 
to have much affected the specific humidity 
distribution (OKUDA & HAYAMI). It should be 
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noted here that we may expect a possibility 
that the evaporation of droplets would not 
greatly affect the specific humidity over the 
sea in an equilibrium condition of production 
of sea water droplets and their fallout, because 
the excess humidity which is given by the 
evaporation of sea water droplets may again 
condense on falling particles as they reach the 
sea surface. 

As a reference, Fig. 1 contains BROCKS' 1955 
estimate of entered as small squares. Also, 
JACOBS' (1942-1951) K = 0.143, which appeared 
in the equation: 

E =K(a, - a r ) u ,  (10) 

( E  in mm per 24 hr, in mb and ul in m sec-l) 
and was determined by a combination of energy 
considerations and climatological data, was com- 
bined with the assumption No. 4 to give 

and the thus obtained is entered as a dashed 
line. The previously mentioned WILSON'S 1960 
$, DEACON et al. 1956 y': and BROCKS' 1959 7;" 
were combined with the assumption No. 4 
(equation 9) and they are entered by triangles, 
dotted lines and a dash-dot line, respectively. 
All these data are converted to the condition 
I =800 cm. BROCKS' 1955 values seem to coin- 
cide with the dashed line from JACOBS' data, 
but differ somewhat from the wind flume data, 
and the dash-dot line, as well as the triangles, 
is much closer to the wind flume data. Although 
the value of rl itself has yet to be determined, 
the assumption No. 4 and consequently the 
equation ( 5 )  seem the best to be assumed in 
this study. The observations that sea water 
droplets are ejected to some height a t  the 
moment they are produced by bursting of air 
bubbles, plus the fact that, due to their own 
inertia and the relative motion of the waves, 
the droplets are caught by the waves, also 
support the idea of the absence of the layer of 
true diffusion expressed in assumption No. 4. 

2.2. GENERAL PRESENTATION OF THE EQUATION 

FOR VERTICAL DISTRIBUTION OF SEA-SALT 

PARTICLES 

Since we are dealing with the atmospheric 
layer of 10-m thickness over the sea surface, 
we suppose that the mean vertical motion of 

air may be neglected. We consider a caae where 
a steady state holds with no horizontal gradient, 
but the fall velocity by gravitational force, w, 
of sea-salt particles as well as eddy diffusivity, 
D ,  change with height, z. Although the fall 
velocity varies in a complicated way from drop- 
let to droplet, even if we consider droplets of 
each class interval of mass of salt contained, we 
assume for simplicity that each droplet in- 
stantly attains its equilibrium salinity for the 
vapor pressure and temperature of the surround- 
ing air, and that the vapor pressure and tem- 
perature are given as a function of z. Conse- 
quently, we are to suppose that the terminal 
velocity is a function of z if the mass of salt is 
given. Since we are concerned with the 10-m 
layer, we use the concentration (number per 
unit volume) of saline droplets, 8 instead of 
mixing ratio of droplets with air molecules, and 
equation of diffusion of droplets is written as 
follows: 

where t represents time, and 2 the horizontal 
coordinate in the direction of u. Boundary 
conditions are that 

8 = 8 ,  a t  z = O ,  
e = o  a t  z = 0 0 .  

If w and D are assumed to  have finite, non-zero 
values even at z = 00, the solution becomes 

(11) 

where Po is the production rate, per unit area, 
of sea-salt droplets at the sea surface, and w- 
the terminal velocity of sea-water droplets, i.e. 
droplets having a radius corresponding to a 
solution of the salinity of sea water. 

Introducing equation ( 5 )  into (11) and then 
replacing z + z o  by z, we obtain the following 
equation: 

where y = l n z .  (13) 
20 
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TABLE 1. Some valzres of vapor-peamre lowering (mm Hg) of am-aalt aolutiona after 
&CONS & KIENTZLER (1954). 

Chlorinity (x) 20 40 70 100 130 160 
Salinity (x) 36.1 72.2 126 181 235 289 

Temperature ("C) 
30 0.56 1.25 2.57 4.17 6.09 8.20 
20 0.32 0.67 1.36 2.20 3.28 4.49 
10 0.16 0.35 0.68 1.10 1.67 2.33 
0 0.08 0.17 0.32 0.52 0.79 1.14 

- 5  - - 0.22 0.35 0.54 0.79 

In this equation, w, is a function only of the 
maas of sea salt, m, contained in a droplet, and 
w/w, may be expresaed as a function of y ,  or 
of z, aa will be shown in the following sections, 
if vertical distributions of water vapor pressure 
and temperature in the 10-m layer are given. 
The assumption that each droplet has always 
an equilibrium salinity for the vapor pressure 
and temperature of the surrounding air, is 
examined in 2.6. 

2.3. HUMIDITY AND EQUILIBRIUN SIZE OF SALINE 

In this section, i t  is shown that the integrand 
wIwa in equation (12) may be approximately 
expressed aa a function of relative humidity 
only, rather than one of both temperature and 
water vapor pressure. 

Table 1 contains some values of vapor-pres- 
sure lowering for various temperatures and 
salinities of sea-salt solutions, meaaured by 
&CONS & KIENTZLER (1954). The salinity range 
covers roughly values from those near the sea 
water to a saturated sea-salt solution. Table 2 
shows the equilibrium relative humidity on 
sea-salt solutions calculated from Table 1. For 
temperatures below O'C, the relative humidity 
is referred to the saturation vapor pressure over 

DROPLETS 

a supercooled water surface. From these tables, 
we may see that although vapor pressure lower- 
ing changes much with temperature aa well aa 
with Salinity, the equilibrium relative humidity 
is fairly independent of temperature. Conse- 
quently, the equilibrium relative humidity on 
sea-salt droplets of the giant class is, as a first 
approximation, independent of temperature, 
and furthermore is a function of salinity. 

Volume, V, salinity, S. and density, e,  of 
sea-salt droplets are related to those of sea- 
water droplets, considered as the standard, by 

where the subscript 8 indicates values for sea- 
water droplets (S, =35 %). The terminal velo- 
city, w, of droplets of the giant class (m < 10-6 
gm) is expressed by Stokes' law: 

where g is the acceleration of gravity, pa den- 
sity of air, v kinematic viscosity of air, r radius 
of the droplet. A combination of equations (14) 
and (15) gives 

TABLE 2. Equilibrium relative humaity on am-8alt 8ohi?wnr, (%) c a k h t e d  from Table 1. 

Chlorinity ( X )  20 40 70 100 130 160 

Temperature ("C) 
30 98.24 96.07 91.93 86.90 80.86 74.23 

10 98.26 96.19 92.61 88.05 81.85 74.68 
0 98.26 96.28 93.01 88.65 82.76 75.11 

- 6  - - 93.05 88.92 82.92 75.02 

20 98.17 96.18 92.24 87.45 81.29 74.38 

Range 0.09 0.21 1.12 2.02 2.06 0.88 

Tellus XVII (1966), 3 
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TABLE 3. Relations among salinity, specific gravity by HIGASHI et al. (1931),  vapor-pressure lowering 
by ARONS & KIENTZLER (1954) ,  equilibrium relative humidity, values of f ,  and w/ws for 20°C. 

Vapor-pressure Equilibrium 
Chlorinity Salinity Specific lowering RH f 

( X )  (%d gravity (mm Hg) ( Y o )  ( Y o )  W l W ,  

0 
5 

10 
19.39 
20 

30 
40 
50 
60 
70 

80 
90 

100 
110 
120 

130 
140 
150 

0 
9.025 

18.05 
35.00 
36.10 

54.15 
72.20 
90.25 

108.30 
126.35 

144.40 
162.45 
180.50 
198.55 
216.60 

234.65 
252.70 
270.75 

0.9982 
1.0050' 
1.0119 
1.0244' 
1.0252 

1.0390 
1.0529 
1.0666 
1.0814 
1.0960 

1.1101 
1.1243 
1.1383 
1.1522 
1.1655 

1.1790 
1.1923 
1.2060 

0 
0.08 
0.15 

0.32 

0.49 
0.67 
0.90 
1.14 
1.36 

1.62 
1.92 
2.20 
2.55 
2.91 

3.28 
3.63 
4.01 

100.00 
99.54 
99.14 
98.23' 
98.17 

97.21 
96.18 
94.86 
93.50 
92.24 

90.76 
89.05 
87.45 
85.45 
83.40 

81.29 
79.38 
77.13 

- 1.77 
- 1.31 
- 0.91 

0.00 
0.06 

1.02 
2.05 
3.37 
4.73 
5.99 

7.47 
9.18 

10.78 
12.78 
14.83 

16.94 
18.85 
21.10 

m 
2.45 
1.55 
1 .oo 
0.980 

0.751 
0.623 
0.539 
0.479 
0.434 

0.399 
0.371 
0.347 
0.327 
0.310 

0.295 
0.282 
0.270 

' Interpolated values. 

The value w/w, for 20°C, as the representative 
temperature, was calculated by equation (16) 
by the use of values of specific gravity of con- 
centrated sea water by HIQASHI et al. (1931), 
for various salinities. (Values of specific gravity 
for 20°C were obtained by a smooth interpola- 
tion on a graph paper from values for 25°C 
and O°C.) A relation between salinity, S, and a 
relative humidity difference, f ,  defined by 

f?RH(S,) -RH(S) =98.23 -RH(S), (17) 

where RH(S) represents the equilibrium relative 
humidity for salinity S, was calculated from 
data by ARONS & KIENTZLER (1954), and thus 
we obtained the relation between f and w/ws as 
the following approximate equations, for 20°C: 

W 
- =  a,-polog ( f +  1.77) 
W ,  

+ E ,  {log ( f  + 1.77)}*, 

a2= 1.418, 8, = 1.94 and e 2 =  1.02 J 
for 1 > f 2 - 1. Some numerical values used in 
the calculation and relation between f and 
w/w, calculated are shown in Table 3. A compa- 
rison between calculated values and curves of 
equations (18) and (19) is seen in Fig. 2. 

We will use equation (18) also for relative 
humidities below about 75 % where crystalliza- 
tion occurs in bulk sea water solution, because 
sea-salt particles very often remain as droplets 
of supersaturated salt solution until the relative 
humidity of air goes down to about 30 yo. 

2.4. VERTICAL DISTRIBUTION OF RELATIVE HUMI- 

DITY I N  THE 1 0 - M  LAYER 

In equations (18) and (19), we could express 
w/w, in terms of f .  In this section, it will be 
shown that f may be expressed in terms of 
y =In ( z / z p ) .  

Consider as in section 2.2 a condition where 
a steady state holds, and the wind blows in a 
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(18) 

W 

ws 
~- = a1 - pl log f + cl(log /I*, 

al = 0.760, PI = 0.480 and el = 0.0820 

for f 2 1, and 
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FIQ. 2. Relation between equilibrium relative humidity and w/w8, calcul&ed from data of vapor pressure 
lowering by ARONS & KIENTZLER (1964) and of specific gravity of sea-salt solutions by HIQASHI et al. 
(1931) (circles) and approximate equations (18) and (19) (a curve). 

horizontal direction, where water vapor and 
heat are diffused only by a vertical eddy diffu- 
sion, and thus evaporation from sea-salt drop- 
lets does not much affect the distributions of 
heat and water vapor. In  these conditions the 
vertical distributions of wind speed, heat and 
water vapor obey a logarithmic law. Under this 
situation, water vapor transport, or evapora- 
tion from the sea surface, E, is expressed by 

Using equation ( 5 )  and replacing ( p a p ) ,  by 
and z + zo by z as in section 2.2, we obtain 

from equation (20) 

Since the water vapor pressure, a, in c. g.s. 
units is expressed by 

PQ 
0.622' 

a =  ~ 

where p is the atmospheric pressure, and since 
we may regard ea as constant because we are 
concerned with the 10-m layer over the ocean, 
it follows from equation (21) that 

The H may be regarded as a constant for specific 
conditions of u*, E, etc. 

A corresponding equation for heat transfer 
is written as 

where Q is the vertical transport of heat by 
eddy conduction, Cp specific heat of air at a 
constant pressure, 0 potential temperature, 
and we have supposed that the eddy diffusivity 
is the same for water vapor and for heat. Since 
we are dealing with conditions near the sea 
surface, we equate 0 with T, absolute tempe- 
rature, and we obtain 

When the Bowen ratio: 

where L is latent heat of evaporation, is in- 
troduced, equation (24) is reduced to 

R B  L 0.622 
T o - T - G H y ,  G =  -- __ ' (26) 

CP P 

The c f  may also be regarded as a constant for 
specific conditions of R,, etc. 

Tellus XVII (1966), 3 
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According to KAYE & LABY (1948), the satu- 
ration vapor pressure, ow, is accurately and 
conveniently expressed by the Dupr6-Rankine 
formula: 

B 
T 

logaw=A - - - Clog T, (27) 

where A, B and C are constants proper to each 
substance. The values for water were deter- 
mined by JULIUSBURQER (1900) as follows: 
A = 9.3002742, B = 2113.24, and C = 0.287710 
for 6, in mb, up to the critical temperature. 
When equation (27) is expressed as 

and uw in dyne crn-', it  follows that 

A + 3  
log e 

a = exp ( - --) = exp ( - 28.3224280), 

B 
log e 

b = ~ = 4865.91 (degree), 

and c = C .  

When this expression is used with equations 
(22) and (26), the difference between the rela- 
tive humidity at  z = O  and that a t  z = z ,  which 
is equal to f by the assumption of instantaneous 
equilibrium, is expressed by 

0 0  (J (RH(0)-RH(z)) = -- - - - 

= au, exp (k) T; 

100 100 ow* o w  

- a(uo - H y )  exp { b / (  To - G H y ) )  (To - G H Y ) ~ .  

(29) 

Since the value G H y  = To - T is generally less 
than 1 or 2 %  of To, we may use the approxi- 
mation: 

exp { b / ( T , - G H y ) ) w e x p  

bG 
wexp (') (1 + 3 

and 

and equation (29) is reduced to 

- f -. -aexp(&)TEHy[l- ( & - c ) ~ u ~  G 
100 

+ { ( $ c ) - ( ~ o - c ) - - u o } ~ H y  b G  

To To 

When we consider magnitudes of the factors 

b G 

TO 
16.5, - a,< 3 x lo-' 

(cf. Table 4) 

and 
b 2 C  
2 T i  
-w42, 

and omit small terms in equation (30), we ob- 
tain finally that 

I= 1OOaexp (k) T g H y [ (  1 - bG 3 go} 

and we may see that the vertical distribution 
of relative humidity over the sea surface is 
expressed by a cubic equation of y =ln(z/zo). It 
can be expressed by a linear equation of y ,  or 
a logarithmic law holds only when the terms 
containing y and yx in the brackets may be 
neglected. 

Values of G and (bG/T;)u ,  were calculated 
from mean sea surface temperatures for each 
10" zone for both hemispheres, and by the use 
of values of Bowen ratio that were estimated 
by JACOBS (1942) and corrected by SVERDRUP 
(1951). The values are listed in Table 4. Accord- 
ing to the table, the value of (bG/Ti )uo  is 
between 0.24 and 0.29 (mean value =0.27) for 
a large range of latitude between 40" S and 
60" N, and i t  is much smaller south of 40" S. 
The value of H y  =uo - u  is, as may be seen 
from observational data of vertical vapor pres- 
sure distribution by MONTGOMERY (1940), 
SVERDRUP (1946), and FLEAGLE et al. (1958), 
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TABLE 4. Mean sea surface water temperature, To (after DEFANT, 19/31), Bowen ratio, R B ,  estimated 
by JACOBS (1942) and correeted by SVERDRUP (1951) and values of G and (bGiT:)ao calculated 

from these values. 

Q 
emp dyne-' bQ T;: g o  Latitude T,("K) RB degree) 

( O N )  

60-70 
50-60 
40-50 
30-40 
20-30 
10-20 
0-10 

( O W  

0-10 
10-20 
20-30 
30-40 
40-50 

60-70 
50-60 

276 
279 
284 
291 
297 
300 
300 

299 
298 
295 
290 
283 
276 
272 

0.45 
0.31 
0.21 
0.15 
0.11 
0.10 
0.10 

0.10 
0.10 
0.11 
0.14 
0.17 
0.20 
0.23 

6.9 
4.7 
3.2 
2.3 
1.7 
1.5 
1.5 

1.5 
1.5 
1.7 
2.1 
2.3 
3.1 
3.5 

0.34 
0.28 
0.25 
0.28 
0.27 
0.28 
0.29 

0.28 
0.26 
0.24 
0.24 
0.17 
0.15 
0.13 

smaller than, and generally much smaller than where f* is given by 
one third of uo in some mean values, although 
individual observed values on rare occasions 
reach a half of uo. Consequently, the middle 
term in the brackets of equation (31) is usually 

(34) 

smaller than 0.085, imd the last term in the 
brackets is smaller than 0.01. So the approxima- 

humidity in the 10-m layer over the ocean 

From equations (33) and (34) it follows that 

tion that the vertical distribution of relative f-WY (35) 

obeys the logarithmic law will not lead us to where Y I f l  11'k' a great error. (343) 

Putting, further, 
2.5. MODIFICATION OF THE EQUATION FOR VER- 

5=logI11I (for f l * O ) ,  (37) TICAL DISTRIBUTION OF SEA-SALT PARTICLES 

The vertical distribution of wind speed for 
neutral conditions is expressed by equation (1): 

U Y  
U* k' (32) and for l b f > O  and O > f >  -1, 

we obtain, for 1, 

logf = 5 +logy (38) 
- a _  

log:(f + 1.77) = 5 + log [ y* 1, Since we saw, in the previous section, that the 
vertical distribution of f approximately obeys 

equation (32), by 

(39) 
1.77 

ys=y+ -. 
a logarithmic law, we now express it, as in 11 

We replace log f and log ( f +  1.77) in equa- 
tions (18) and (19) by equations (38) and (39), ' = (for f l+o) ,  G k  (33) respectively, to obtain for f>- 1, 
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and for l > f > O ,  and O > f >  - 1 ,  

where 

i = l  and 2. (42) I vi = at - A T  + ~t 5' 
wt = 2Ei 5 - Bt 

Since from equation (35), for f =  1, 

2.77 y = -  1 and yz=- 

rl rl 

and since dy, =. dy, the integration in equation 
(12) may be calculated, according to ranges of 
f r ,  aa follows: 

e 
0 0  

for f l > l ,  l n -  

e 
0 0  

for l > f I > O ,  In - 

(44) 

For f I = O ,  w is always equal to ws, and the 
equation (12) is reduced to 

After performing t,he integrations, we reach an 
expression for @lea such that 

where logarithm of the ratio 8 to Bo is expressed 
as being proportional to the two thirds power 
of mass of salt contained in a droplet, m2f8, 
and inversely proportional to the wind speed 
at the 10-m level, ul,  with a factor x which is a 
function of the difference of relative humidity 
between the sea surface and the 10-m level, fl, 
friction factor, y l ,  and height, z. The x has the 
following forms: 

for f r  > 1, 

K ,  = [(az + MP, + 2 M Z 4  - (a, + M@, + 2 M P 4  

- (BZ + 2 ME*) (2.77 log 2.77 - 1.77 log 1.77) 

+ E~ { 2.77 (log 2.77)" - 1.77 (log 1.77)'}], 

U ,  = (m, + MB, + 2 M'E,) y 

- (8, + ~ M E , - E ~  log Y)  ylog Y, 

U, = (& +  ME, - 2e1 logy) y. 

U,=EIY' (48) 

where K,  is aconstant and U,, U,  and U ,  are 
functions of y, or of z. 

For 1>f1>0 ,  

for f I  = 0, 
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TABLE 5.  vahes of At (sec) corresponding to a dhtance of fall of droplets i n  a unit time. 
z = 1 m, y,  = 0.04. 

rn 
~~ , ~~ 

f. (%) RHI (%) lo-” (gm) 10-’O lo-’ 1 0 6  

- 1  99.23 1.5 8.4 33 150 
5 93.23 .074 .36 1.6 9.4 

15 83.23 .017 .088 .41 1.8 
30 68.23 .0081 .034 .16 .71 
60 48.23 .0034 .017 .074 -31 

In these expressions, 

M = log e w 0.4343 

Since Stokes’ law holds for giant sea-salt par- 
ticles (m< lo-’ gm), w, is expressed by 

hence A - 4 . 3 ~  106(cm sec-’gm-*). (53)  

2.6. EXAMINA~ON OB THE ASSUMPTION OF 

INSTANTANEOUS EQUILIBRIUM OF DROP- 

LETS TO THE ENVIRONMENTAL AIR 

In this section the baaic assumption of this 
article that each droplet instantaneously attains 
its equilibrium salinity for the humidity of the 
surrounding air is examined. For this purpose, 
it is useful to determine the time required for 
a droplet to adjust its size to the change of 
environmental humidity, which results from its 
falling at the terminal velocity. 

The time rate of change of radius of a droplet 
is approximately expressed by a well-known 
equation: 

(54) 

where D’ is the diffusivity of water vapor in 
air, Aq is the difference of specific humidity 
between the surface of the droplet and the 
environmental air, and e ,  is the density of pure 
water. Consider a cam where a droplet, which 
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has been in an equilibrium with air of a certain 
level, falls a distance Az, with its terminal 
velocity, in a unit time. A value of Aq appertre 
corresponding to Az, and a value of AT* cor- 
responding to Aq, which may be considered aa 
a change in ra which should occur for the droplet 
to reach equilibrium with the air at the new 
level. Then the value At which is derived from 
equation (54). 

is considered as the time required to reach a 
new equilibrium by the initial evaporation or 
condensation speed. Whether it is larger or 
smaller than 1 gives us the criterion. 

The values of At for z = 1 m and y I  =0.04 
for various mass of salt contained in a droplet 
and for various humidities at the 10-m level 
have been calculated by the use of equations 

Table 3, and are shown in Table 5. From 
Table 5 we see that the speed of adjustment to 
a new environment is larger for small maases 
of contained salt and for small relative humidi- 
ties of the air, and that the assumption of 
instantaneous equilibrium is valid in most parts 
of the table. Since, in turbulent diffusion, those 
droplets that come from above are usually 
more saline, those from below lees saline than 
the equilibrium droplets a t  the level considered, 
and since we are concerned with an average 
condition, the range of validity may be exten- 
ded a little more. For f I = 0 or RH, = 98.23, the 
assumption is exactly valid, because all droplets 
have the salinity of sea water, although the 
value of At cannot be determined by equation 
( 5 4 ,  and the assumption will be nearly valid 
for the f l  close to 0, although the value of At 

(13), (15). (181, (W, (33L (34h (521, (53), and 
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is quite large in Table 6. Consequently, it is 
concluded that the basic assumption is in gene- 
ral substantiated. However, it is considered 
that the assumption may not be so valid very 
close to the sea surface, although the estimate 
of At becomes difficult there. But in this region 
droplets are being ejected by bubbles, being 
caught by waves, and a more exact treatment 
will be extremely difficult. 

3. Results of the calculation and discussion 

3.1. CALCULATION OF X AND FEATURES OF THE 

VERTICAL DISTRIBUTION OF SEA-SALT PAR- 

TICLES IN THE 10-M LAYER 

Values of x in equations (48) through (51) 
were calculated for y ,  = 0.04 for various relative 
humidities as a function of z. The results are 
illustrated in Fig. 3. Values of x for z = 10 m 
as a function of f ,  + 1.77 or of RH, for both 
y l  =0.04 and y ,  =0.05 are illustrated in Fig. 4. 

Values of O/O,  were calculated from Fig. 3 
and equation (47) for three cases of the value 
of m* u;'. These are shown in Fig. 5 through 
Fig. 7, and some possible combinations of m 
and ul for the three cases are shown in Table 6. 
It contains some extremely large values of u, 
where our calculation for y1 = 0.04 may no longer 
be valid, and very small values of u, where the 
basic assumption of the steady state may be- 
come unreasonable; these values are entered in 
parentheses. But these should be interpreted 
as showing that the concentrations of particles 
of m = lo-" gm have very little vertical gradient 
in the 10-m layer for a wind speed larger than 
a few m sec-l, and that the concentrations of 
particles of m =lo-8 gm have a very large 
vertical gradient for wind speeds less than those 
shown in the table. 

TABLE 6. Some combinations of m and U I  for  the 
three cases of the value of m* u;' illustrated in 

Figs. 5, 6,  and 7. 

1.7 lo-' 1.0 lo-' 0.5 x lo-' 
m (gm) (Fig. 5) (Fig. 6) (Fig. 7) 

lo-" uI = (0.27) (m aec -') (0.46) (0.97) 
10-10 1.27 2.15 4.31 
10-9 5.88 10.0 20.0 
10-8 (27.3) (46.4) (92.8) 

x 1108 grn-3 crn rec-11 

FIG. 3. Values of x for y l  = 0.04. 

From these figures, it is seen that the vertical 
distribution of sea-salt particles in the 10-m 
layer has a curve very close to a straight line 
in a logarithmic diagram, and it becomes a 
straight line when there is no vertical gradient 
in relative humidity (RH, = 98.23%). Conse- 
quently if we draw the distribution on a z,  
log0 diagram, it should have a concave curve. 
It is also seen that in the range of giant particles, 

0 0s ooo f + l  77- 100-RH, 11.1 

FIG. 4. Values of x for z = 10 m. 
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O W 1  001 01 I 

81 8. 

FIG. 6. Values of e~e,(~,=o.o4).  case I: m * u ; l  
= 1.7 x 10-9 (C.g.8.). 

f ,  as well as u, effectively affects the concentra- 
tion of particles at  the 10-m level relative to 
that at the sea surface, O,/8,. Values of O,/O, as 
a function of m for various wind speeds, u, for 
RH, = 80 yo as an example ( y ,  = 0.04) are shown 
in Fig. 8. 

3.2. APPLICATION TO THE DATA OF 8, AND DIS- 

In  the previous paper I, the mechanism of 
distribution of giant sea-salt particles in the 
atmosphere as a whole was discussed and their 
concentration, O,, and effective production rate, 
F,, at  the 10-m level were estimated by use of 
the data of WOODCOCK (1953) obtained at  cloud 
base levels. Since we have predicted features 
of their distribution in the 10-m layer in this 
study, now we may subtract the effect of the 
boundary layer of 10 m thickness from the 0, 
and F,, and estimate the 0, and F,, which may 
represent the very sea-surface processes. Fig. 9 

C u s s I 0  N 

I.. 

0.01 0. I 

9 / 0 0  

FIG. 8.  Values of e/e,(y,=o.o4). Case 11: d u ; l  
= 10-0 (c.g.0.). 
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0 01 01 I 

0 10. 

FIG. 7. Values of O/O0 ( y ,  = 0.04). Case 111: m* u;' 
= 6 x lO-'O (c.g.8.). 

shows the Oo which were calculated from Fig. 10 
of I and Fig. 8 of the present paper. (Woodcock's 
1953 measurements were made over the sea 
area where the average RH, was 80 %.) Accord- 
ing to Fig. 9, there is a strong tendency that 
the weaker the wind force, the more extreme 
high value appears for larger m. However, we 
cannot accept this tendency aa real. Comparing 
the figure with Fig. 10 of I, we recognize that 
the excessive values of 0, exactly correspond to 
the values of 0, smaller than 5 x 10-8 cm-8, and 
the smaller the O,, the more extreme the value 
of Oo. This fact leads to the thought that the 
small number of large particles that came out 

m l o r n 1  

FIG. 8. Values of Ol/Oo as a function of u, and m 
for RH, = 80 % ( y ,  = 0.04). 
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m t' lmi 

FIG. 9. Estimated concentration of sea water drop- 
lets at the sea surface O,, calculated from Fig. 10 of 
I, and from Fig. 8. Values are entered for the range 
of logm = 0.5. 

by coalescence of particles in clouds a t  the 
top of upward current that  was discussed in 
I, greatly affected the result for 8, when the 
absolute concentration of the particles or O r  
was low. Points which correspond to O1 < 5 x 
cm-8 are shown by linking with dashed lines in 
Fig. 9. I f  we exclude the dashed lines, we may 
see that curves for various wind forces have 
now essentially a similar trend, and that a 
trough of curves at m ej gm, which might 
divide jet drops and film drops' as was pointed 
out in I, is now clear. 

1 According to B. J. MASON (Nature, 174, 470, 
1954), there are three groups of droplets which are 
produced by bursting bubbles: (1) jet droplets, 
which have been studied by rather many investiga- 
tors, and have a diameter 10-15 % of those of the 
original bubbles; (2) droplets which have a mass of 
selt of 5 x 10-'O-2 x g m  (30 p-5 p in diameter) 
and are ejected at a low angle to the horizon; (3) 
droplets of 2 x 10-14-10-16 gm of salt. The second 
group of droplets was also reported by D. M. 
N~WITT et al. (Tram. Instn. Chem. Engrs. 32, 244, 
1954) for fresh water bubbles, and according to 
TOBA (1961) the number of these droplets was nearly 
50 per cm' of the area of the original bubble film 
cap. K. ISONO'S experiment (Jupuneae J .  Beoph., 2, 
1, 1959) also showed this group of droplets. Although 
this second group of droplets seems not to have 
received much attention, it should be pointed out 
here that the upper limit of their range (mass of 
salt of 5 x lo-', g m )  coincides with the position of 
the trough of curves in Fig. 9. 

Figure 10 shows the estimated production 
rate at the sea surface, F,, calculated from 
Fig. 9 by F ,  =w,O,. We may see the same fea- 
tures as in Fig. 9. Besides, the Po increases 
with log m exponentially in the range of 
gm > m > 1 0 - 0 . 6  gm for the jet drops. Since 
gm corresponds to a sea water droplet of 81 p 
diameter, which may be ejected from il bubble 
of 0.75 mm diameter (BLANCIIARD, 1963), it 
seems that the production rate of bubbles in- 
creases with the bubble diameter at least up to 
0.75 mm. As was discussed in 2.6, the assump- 
tion used in the calculation should have led to 
some error for larger particles such as m = lo-* 
gm very near the sea surface. But this error 
presumably has a tendency to  lead to  smaller 
values of 0, or F,, because, very near the sea 
surface, more droplets must be produced and 
more droplets must fall back to the sea because 
of their larger sizes due to the lag from the 
instantaneous response to  the environment; 
consequently, this error does not influence our 
conclusion. There might be some possibility, 
however, that  the effect of coalescence of partic- 
les has also entered to  some extent for larger 
wind speeds, but as long as we use the resulting 
values of 8, or F ,  for an  estimate of the geogra- 
phical distribution of giant sea-salt particles, it  
is better to accept these values aa they are. 

Figure 11 shows the wind dependence of Po 
for various sizes of the particles. I n  this figure, 
points corresponding to 0, < 5 x cm-s are 
excluded. It is very interesting to  see that  a 
curious behavior of the curves of wind depend- 

FIG. 10. Estimated production rate of sea water 
droplets at  the sea surface Po, calculated from Fig. 9. 
Values are entered for the range of logrn = 0.5. 
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ence of F ,  or 8, for different values of m in I 
is now eliminated in Fig. 11, and here also the 
curves essentially have a single shape. 

Since curves in each of these figures have 
similar shapes, it would be possible to express 
these values approximately by a more simple 
way, in other words, by three curves which 
are representatives of the three figures. As to 
the concentration, O,, and the production rate, 
Fo, we adopted, for m$ lo-'.' gm, the curves 
for wind force 4, at which Woodcock's observa- 
tion is considered to have been performed under 
a steady state, because it is nearly the mean 
wind speed; and for m > lo-'.' gm, the slopes of 
curves for wind force 7, at which the concentra- 
tion of larger particles such as m 10-9.5gm must 
have been subjected to meteorological control 
at the time as discussed in 2.4 of I. As to wind 
dependence, we used, as a best representative, 
the gradient for m -lo-# gm for wind forces 
greater than 5 and that for m =lo-'.' gm for 
wind forces smaller than 5. These representative 
curves are uhown in Fig. 12. 

Since we have here predicted the sea surface 
processes for Po and O0, the results may be 
compared with an experimental study. TOBA 

Fro. 11. Wind dependence of the production rate, 
Fo. Values are entered for the range of logm = 0.5. 

Tellus XVII (1965), 3 

q f 

Y 

m 

I 

t '  

FIG. 12. Representative curves for the production 
rate, Po, the concentration, O,, and wind dependence 
of Po. Values of Po and O0 are entered for wind force 
4, and the values of wind dependence of Po are 
entered for m = 10-O.6 gm. Values are also entered 
for the range of logm = 0.6. 

(1961) carried out an experiment by use of a 
wind flume 21.6 m long, and obtained figures 
of Po and 8, from an observation of distribution 
of bubbles in wind waves, droplets in the air- 
flow at a height range of 8 cm to 25 cm, etc. 
Comparing these results, we may find some 
common and some differing points between 
them. The common points are: (1) that there is 
a trough in the curves which would divide jet 
drops and film drops; (2) that the shape of the 
curves essentially remains unaltered when wind 
speed varies; (3) that the production rate of 
bubbles increases with bubble diameter up to 
0.75 mm; (4) roughly the same orders of magni- 
tude. The discrepancies are: (1) the shape of 
curves; (2) the position of the trough; (3) the 
gradient of the curves of the wind dependence. 
It seems that these discrepancies arose from 
the facts that TOBA'S 1961 study waa a wind- 
flume experiment and that tap water was used 
instead of sea water. The common points, how- 
ever, seem to be real. When we estimate the 
distribution of sea-salt particles in the atmos- 
phere, it seems more realistic to use the estima- 
ted curves of the present study. 

Something should be mentioned here about 
the shape of the curve of the wind dependence 
of the production rate. We may see from the 
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figures that there is a sharp rise in Po at wind 
speed below 6 or 7 m sec-l where white caps 
begin to appear; then the curve becomes flat 
until the wind speed reaches 10 m sec-l or so, 
and then it goes up exponentially with wind 
speed. According to a measurement of the 
friction factor, 2 in the wind flume experiment 
by KUNISHI (1963), the y; has a similar trend 
although the range of the change is very small: 
i t  increases with wind speed but has a flat part 
or rather a small trough a t  about 12 m sec-' 
in wind speeds of the 10-m level. Using the same 
wind flume, TOBA (1961) found that air bubbles 
became entrained into wind waves by instability 
of small wavelets of a few to several cm in 
wavelength, which were superimposed upon the 
gravity waves, and in which the surface tension 
exerted a considerable effect, instead of the 
breaking of gravity waves themselves, when the 
wind speed at  the 10-m level reached 12 or 13 
m sec-'. Both investigators thought of this wind 
speed as one of the critical wind speeds. We 
could not now conclude, however, that the 
flatness at about 10 m sec-l in Fig. 12 really 
corresponds to the above phenomena because 
there still remains room for suspicion that the 
critical wind speed found in the wind-flume 
experiments might correspond to several meters 
per second on the actual sea surface a t  which 
white caps began to appear, in other words, 
that such white caps that appear a t  sea a t  the 
wind speed of several meters per second are 
caused by the instability of the small wavelets 
and not of the gravity waves. 

TOBA & TANAKA (1963) made an observation 
of dry fallout of giant sea-salt particles a t  several 
stations along the direction of the winter mon- 
soon flow in Japan, and explained the observed 
distribution by use of the figure of Po of TOBA 
(1961) and a model distribution. However, it  
seems that two defects of the too-large gradient 
in the curve of wind dependence of Po,  and of 
the model of non-ground-sink of the particle 
distribution over land, incidentally canceled 
each other, and consequently that the TOBA & 
TANAKA estimate of D became smaller than that 
in I by about two orders of magnitude. 

4. Summary 
Features of the vertical distribution of giant 

sea-salt particles in the 10-m layer over the 
ocean have been analytically studied. The 
assumptions used are as follows: 

(1) A steady state holds and there is no hori - 
zontal gradient in wind speed, particle concen- 
tration, etc. 

(2) The vertical distributions of wind speed, 
water vapor pressure and temperature obey a 
logarithmic law. 

(3) Transport of sea-salt particles is carried 
out by vertical eddy diffusion and fall by termi- 
nal velocity. 

(4) Eddy diffusivity, D, in the atmosphere in 
the 10-m layer is expressed by equation ( 5 ) :  

D = ku,(z + z,,), 

consequently, there is no layer of true diffusion 
next to the sea surface. (This assumption was 
discussed in 2.1.) 

( 5 )  Each droplet instantaneously attains its 
equilibrium salinity, or equilibrium size, for tho 
vapor pressure and temperature of the surround- 
ing air. (This assumption was examined and in 
general substantiated in 2.6.) 

(6) Sea-salt particles remain as supersaturated 
saline droplets when the relative humidity of 
the air is lower than about 75 %. 

The following preliminary results have been 
shown: 

(1) The effect of vapor pressure and tempera- 
ture on the equilibrium size of saline droplets 
may be approximately represented by one fac- 
tor of relative humidity (2.3). 

(2) The relation between the ratio of the 
terminal velocity of saline droplets to that of 
sea water droplets of the same mass of salt, 
w/ws, and the diffcrence between relative humi- 
dity a t  a level and a t  the sea surface, f ,  may be 
expressed by equations (18) and (19). 

(3) Vertical distributions of relative humidity 
approximately obey a logarithmic law when 
vapor pressure and temperature obey a logarith- 
mic law (2.4). 

From a combination of all these, we have 
attained equation (47) from which we may see 
that log(8/Oo) is proportional to mrI3 and u;' 
with a factor x, which is a function of f l ,  y I  
and z .  The value of x has been calculated for 
various values of the variables and it has been 
shown that f l  as well as uI affects greatly the 
vertical distribution of sea-salt particles in the 
10-m layer, and also that, when the vertical 
distribution of the number concentration of sea- 
salt particles of each class interval of mass of 
salt is plotted on a logarithmic diagram, the 

Tellus XVII (1965), 3 



GIANT SEA-SALT PARTICLES m- THE ATMOSPHERE. 11 381 

result is an almost straight line, as is shown in 
Figs. 5, 6 and 7. When the results have been 
applied to the data of the concentration, O1 and 
the effective production rate, P,, of sea-salt 
particles at  the 10-m level obtained in the 
previous paper I, the complicated features in 
O1 or P, have disappeared to give a very simple 
pattern of the production rate, Fo, or the surface 
concentration of sea water droplets, Oo, as a 
function of wind force or of mass of salt, as a 
predicted sea-surface process (Fig. 12). This 
result gives some agreement with the author's 
1961 wind flume experiment. 

In conclusion it should be said that the most 
plausible rate, in the present situation, of pro- 
duction of giant sea-salt particles on the sea 
surface, which may be expressed as a function 
of wind speed at the 10-m level and the mass 
of salt in a particle, has been obtained. Also, 
the effect of the wind speed, humidity, etc., on 
the equilibrium distribution of the particles in 
the layer just above the sea surface, has been 
predicted, to give a new basis for an estimate 
of the geographical distribution of the particles 
over the world ocean. 
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List of symbols 
A, B, and C: constants in Dupr6-Rankine 

formula (B: degree-') 
a, 6 ,  and c: constants in modified Dupr6- 

Rankine formula (b: degree-') 
C,: specific heat of water at  constant pressure 

(cal gm-l degree-') 
D: eddy diffusivity in the atmosphere (cm* 

sec-l) 
D': diffusivity of water vapor in air (cm* 

sec - l) 
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E: 

Po: 

f =  
G =  

9: 

H =  

K :  

k: 

L: 

M =  
m: 

P: 

9: 
R, = 

r: 
RH: 
S: 
T: 
t :  

Q:  

U :  

u* = 

V :  
W :  

Y =  

zo: 
z: 

evaporation from the ma surface (gm 
cm-* sec-1 unless specified) 
production rate of sea-salt particles (cm-* 
sec-l) 
RH(S,) -RH=98.23 -1EH (%) 
R,L  0.622 -.__ (cm* dyne-' degree) 
cn p 

acceleration of gravity (cm sec-*) 

p E  (dyne cm-*) 
0.622 ea ku, 
Jacobs' evaporation factor defined by 
equation (10) 
von KhrmAn's universal turbulence con- 
stant ( =0.4) 
latent heat of evaporation of water (cal 

loge w 0.4343 
mass of salt contained in sea-salt particles 
or droplets (gm) 
atmospheric pressure (dyne cm-2: 
vertical transport of heat (cal cm-* sec . I )  

specific humidity 
Q/EL: Bowen ratio 
radius of saline droplets (cm) 
relative humidity (%) 
salinity of saline droplets ( %) 
absolute temperature of air (OK) 

time (sec) 
wind speed (cm sec-' unless specified) (z : friction velocity (cm see-1) 

volume of a droplet (cm') 
terminal velocity of fall of sea-salt par- 
ticles (cm sec-') 

height above the sea surface (cm) 
roughness length of the sea surface (cm) 

gm-') 

In (z/zll) 

a', pl, el, a*, pn, and eg: constants in equations 
(1 8 )  and (19) 
evaporation coefficient defined by equa- 
tion (6) 
friction factor defined by equation (2) 
1% 7 
r J  

I% 

potential temperature of air (OK) 
concentration of sea-salt particles (cm-a) 
ws.m-*ls =4.3 x 10' (gm43 cm sec-1) 
kinematic viscosity of air (cms sec-1) 
1.77117 

density of sea-salt solution (gm cm-3) 
E l  + Y  
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QW: 

eat 
0: 

a,: 

to: 

cp1= 

density of pure water (gm cm-a) 
density of air (gm cm-8) 
water vapor-pressure (dyne cm-a unless 
specified ) 
saturation water vapor-pressure (dyne 
cm-2 or mb: specified in  t h e  tex t )  
sheering stress by  wind over sea water 
(dyne cm-l) 
a1 -B15 3- E l  P 

p2 = a2 - B z C  + & a 5 8  

v1= 2E15 - B 1  

pYz= 2%C-B* 

x :  a factor appearing in equation (47) 

subscript 0: 
subscript I: 
subscript 8: 

values at the sea surface 
values at the 10-m level 
values for sea water droplets of 
salinity 35 % 
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