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ABSTRACT 

Results of the preceding two parts of this series of articles, concerning the rate of 
production of giant particles at the sea surface and the manner in which they are dis- 
tributed in the atmosphere, have been applied to  marine climatic data to obtain 
estimated maps of the average distribution of giant sea-salt particles at the surface 
and at the 1-km level over the world ocean for the four seasons. The production rate 
and the number concentration, at the sea surface, of the particles of various class 
intervals of salt mass, and the number concentration at the 10-m and 2-km levels, are 
related to the above-mentioned maps. 

1. Introduction 

I n  part Is of this series, mechanisms that 
would govern the distribution of giant sea-salt 
particles in the atmosphere as a whole were 
studied by use of various observational data 
available from many references. In  part I1 of 
this series, the vertical distribution of the 
particles in a boundary layer of 10-m thickness 
over the sea surface was analytically studied, 
and the effect of wind speed, humidity, etc., 
in the lowest atmosphere on the supply of 
particles to the overlying atmosphere was pre- 
dicted. Since the most plausible rate of produc- 
tion of giant sea-salt particles at the sea surface 
was also determined in I1 as a function of wind 
speed a t  the 10-m level and the mass of salt 
in the particles, we may now combine all of 
these studies together with marine climatic 
data to estimate the average distribution of 
the particles a t  various levels over the world 
ocean. 

The marine climatic data were obtained from 
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of Chicago from Kyoto University for the period 
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For convenience the letters “I” and “11” are 
used in referring to the following two papers, res- 
pectively: Y. TOBA, On the giant sea-salt particles 
in the atmosphere. I. General features of the distri- 
bution, Tellus, 17 ,  No. 1 (1965); and 11. Theory of 
the verticaI distribution in the 10-m layer over the 
ocean, Tellus, 17, No. 3 (1965). 

wind force frequency distributions and mean 
humidities for various oceanic stations read or 
computed from charts of U.S. Navy Marine 
Climatic Atlas of the WorZd (1955-1959). These 
are the principal independent variables based 
on the studies in 11. The distribution of tempe- 
rature and salinity of the sea water itself, which 
may have some effect on the production rate 
and size distribution of the particles, was not 
taken into account; in fact such effects cannot 
be considered because of insufficient study of 
them. The Arctic and the Antarctic Oceans were 
not included in this study, since conditions are 
more complicated there, and would require 
special study. This is the first edition of the 
estimated maps; as more advanced studies 
become available, it will be desirable to revise 
them. 

2. Basic concepts in the  calculation 

The atmosphere may be divided into two 
parts: (1) the atmosphere as a whole, where it 
is assumed that the eddy diffusivity, etc., are 
vertically nearly constant, and convection, 
cloud formstion, etc., occur; (2) a boundary 
layer of 10-m thickness over the sea surface, 
where there is no mean vertical motion of air, 
and the wind speed, the eddy diffusivity, the 
humidity, etc., sharply change with height. A 
discontinuity in the structure of the atmosphere 
at the 10-m levol is a somewhat artificial con- 
cept, but is considered reasonable, in an approxi- 
mate treatment. 
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TABLE 1. Number concentration, O,(U,,m), and production rate, F,(U,,m),  of giant sea-salt p a r -  
ticlea at the 8ea 8urface. 

Range of maas 

8, (om-3) or 

log m 3 
of salt (m : gm) 11.5-11 11-10.5 10.5-10 10-9.5 9.5-9 9-8.5 8.5-8 11.5-8 10-8 

F, (cm-p sec-l) e, = F, = 

for U, = 3 .161 .0902 .0488 .0264 .0220 .0288 .0400 .878 .SO0 

Wind force at u, = 
10-m level 0 1 2 3 4 5 6 7  8 9 10 

factor to be applied 
to above values of 
0, or F, 0 0 0 1 2.05 2.33 3.08 4.38 6.38 9.63 14.8 

Multiplication 

The average vertical distribution of the 
particles in the atmosphere as a whole over the 
sea was studied in I, and its characteristics were 
quantitatively explained by a combination of 
sedimentation, diffusion, convection processes, 
and coalescence in clouds. The average vertical 
distribution of number concentration of the 
particles, 0, waa expressed by 

e ==o,exp( -m), (1) 

where 0, is the value at the bottom of the 
atmosphere as a whole, i.e. the 10-m level, z is 
height above the 10-m level, and the value of a 
waa determined aa a function of the mass of 
salt, m ,  contained in a particle (Table 1 of I). 

The equilibrium vertical distribution of the 
giant sea-salt particles in the 10-m layer was 
studied in 11, and the vertical distribution of 8 
waa expressed by 

where 0, is the value at the sea surface, u, the 
wind speed a t  the 10-m level, y1  the friction 
factor, z height above the sea surface, and f ,  
a relative humidity difference defined by 

f ,  ~ 9 8 . 2 3  - RH,. (3) 

The figure 98.23 represents the equilibrium 
relative humidity for a solution of the salinity 
of sea water, and RH,  the relative humidity 
at the 10-m level. The value of x was calculated 
in I1 as a function of f, and z, for 7; = 1.6 x 

which seems approximately valid for u, from 
a few to 15 or 20 m sec-l (Figs. 3 and 4 of 11). 

The most plausible values of e,( U , , m ) ,  which 
were determined in 11, are tabulated in Table 1 in 
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the form used in the present calculation. The sym- 
bol U ,  represents the wind force in the Beaufort 
scale. The production rate, F,( U,,  m), or upward 
flux of the particles per unit area at the sea 
surface is understood aa 

F,  = e,iw,, (4) 

where w, represents the terminal velocity of 
sea-water droplets, i.e. droplets having a radius 
corresponding to a solution of the salinity of 
sea water, and the values are also entered in 
the last two columns of Table 1. Since for 
U ,  =0, 1, 2 the sea surface is smooth and no 
bubble entrainment or droplet production 
occurs, and since we are concerned with an 
equilibrium distribution, Table 1 indicates that 
the value of 0, is zero for these wind forces, 
although as a result of the paat history of the 
air the actual value of Oo may not always be 
zero for these light winds. 
The U.S. N a v y  M a r i n e  Climatic A t h  of the 

World (1955-1959) contains monthly charts of 
surface wind, surface air temperature, wet-bulb 
temperature and dew point. The data are 
entered for each of about 230 stations including 
ocean areaa, ocean stations and coastal stations. 
From the surface wind charts, frequency dis- 
tribution, +( U , ) ,  or percentage frequency of the 
occurrence for various wind forces, U,,  may be 
read. The average number concentration of the 
particles at  the sea surface, zo, and the produc- 
tion rate, B,, may be calculated for each station 
by the equation: 
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The average number concentration of the par- 
ticles a t  the 10-m level, 8,, may be calculated 
for each station, by the use of equation (2), by 

where the value of f ,  may be obtaincd, for each 
station, from charts of air temperature and 
wet-bulb temperature or dew point. The average 
number concentration of the particles at various 
height levels, e,, may be calculated for each 
station by the use of equation ( l ) ,  by 

- - 
e,(m) =el(m)exp { - . ( m ) ~ ) .  ( 7 )  

In the following, the bars representing the 
average, will be omitted. 

3. Calculation and maps of the estimated 
distribution 

A three-month average of the frequency 
distribution of surface wind force, +(U,) ,  was 
computed from data of the atlas for U ,  <9, for 
each station for each of the four seasons. Then 
the value of +( 10) was assigned by the equation: 

D 

+( 10) = 100 - 2 +( U , ) .  
u1-0 

Although there is a possibility that wind forces 
greater than 10 have occurred, these were all 
included in +(lo),  since we cannot know the 
values. There were some cases where the value 
of +(lo) in equation (8)  had a small negative 
value because the value of +(U,) in the atlas 
for each month had no decimal. In this case 
the value of +(lo) was assigned zero. 

A mean relative humidity was calculated 
from the median temperature and the median 
wet-bulb temperature for each station for each 
month. If there were no data of wet-bulb 
temperature, the median dew point was used. 
On rare occasions, the air temperature was 
below the freezing point; in these cases the 
relative humidity was determined from the 
saturation vapor pressure over supercooled 
water, not over ice, based on the study in I1 
where equations (2) and (3) were introduced. 
From the average relative humidity for each 
month, a three-month average relative humidity 
for each of four seasons was computed for each 

station, whence the value of x l ( f l )  was deter- 
mined by equation (3), and Fig. 4 in 11. 

Computations of equations (5), (6) and (7), 
together with some of the above-mentioned 
derivations, were performed by the use of an 
electronic computer. In  Figs. 1 through 8 are 
illustrated, as representative results, the com- 
putation of 8, for a class interval of mass of 
salt of 10-1~~5-10-~ gm and Olkm for that of 
10-~~-10-8 gm for four seasons. Figures in the 
maps also represent the position of the stations. 
Figures showing values from coastal (island) 
stations are entered in parentheses. At some 
stations, especially those near the west coast 
of southern South America, some wind data are 
lacking in the atlas, and were supplemented by 
an interpolation between adjacent months, etc., 
and these results are also entered in parentheses. 

Isolines were entered in Figs. 1 to 4 by placing 
the greatest weight on the figures without 
parentheses. The number of stations, however, 
was not sufficient to give detailed patterns of 
the isolines; so patterns of the isolines of per- 
centage frequency of wind force 3 or less, which 
are the only isolines included in the surface 
wind chart of the atlas, were consulted to some 
extent, although the percentage frequency of 
wind force 3 or less cannot fully represent the 
wind data. 

There are many stations which have no data 
of wet-bulb temperature or dew point. Values 
of O l k m  may not be obtained for these stations. 
In  Fig. 9, are plotted the relation between 
80(10-11.5-10-8 gm) and 8,km(10-10-10-8 gm) for 
stations where both the wind and humidity 
data were available. Isolines in Figs. 5 to 8 
were drawn by using the mean curve of Fig. 9 
for stations of no humidity data. 

In Fig. 10 are plotted relations among 
oo(io-ll, 5-10-8 gm), 81nm(10-11.5-10-a gm), 

In Fig. 11 are plotted relations among 
Olkm(  10-10-10-8 gm), O l O m (  10-10-10-8 gm) and 
8,km(10-~O-10-~ gm). These relations may be 
used to obtain other values from the figures in 
Figs. 1 to 8. 

The value of the production rate, F,, of the 
particles a t  the sea surface may be obtained 
from Figs. 1 to 4 together with Table 1. For 
example, F0(10-11.5-10-a gm) may be obtained 
by multiplying the figures in the maps by a fac- 
tor 0.878/(0.161 +0.0902 + ... +0.0400) =2.10. 
The value of 8, for any class interval of salt mass 

Tellus XVIII (1966), 1 

Olkm(10-ll.5-10--8gm) and 02km(10-11.5-10-a gm). 



ON THE GIANT SEA-SALT PARTICLES I N  THE ATMOSPHERE 135 

Tellus XVIII (1966), 1 



136 YOSHIAKI TOBA 

Tellus XVIII (1966), 1 



F
IG

. 3.
 A

ve
ra

ge
 n

um
be

r 
co

nc
en

tr
at

io
n 

of
 g

ia
nt

 s
ee

-s
al

t p
ar

tic
le

s 
of

 t
he

 m
88

8 
of

 s
al

t r
an

gi
ng

 fr
om

 1
0-
11
.6
gm
 

to
 1
0-
8 g

m
 at

 th
e 

8
8
8
 s

ur
fa

ce
, 

&
( 
10
-"
.6
-1
0-
8 

g
m
)
 in

 c
m

-8
, S

ep
te

m
be

r 
th

ro
ug

h 
N

ov
em

be
r.

 G
oo

de
 b
as
e 

m
ap

 c
ou

rt
es

y 
D

ep
ar

tm
en

t 
of

 G
eo

gr
ap

hy
, t

he
 U

ni
ve

rs
it

y 
of
 C

hi
ca

go
. 

c
 

W
 
4
 



138 YOSHIAKI TOBA 

Tellus XVIII (1966), 1 



F
IQ

. 6
. A

ve
ra

ge
 n

um
be

r 
co

nc
en

tr
at

io
n 

of
 g

ia
nt

 s
ea

-s
al

t p
ar

ti
cl

es
 of

 t
he

 m
as

s o
f 

sa
lt

 r
an

gi
ng

 fr
om

 1
0-

lo
 g
m
 to

 
g

m
 a

t t
he

 1
-k

m
 le

ve
l, 

el,
,( 

10
-1

0-
10

-8
 

g
m
)
 in

 1
0

P
 c

m
-s

, 
M

ar
ch

 t
hr

ou
gh

 M
ay

. 
G

oo
de

 b
as

e 
m

ap
 c

ou
rt

es
y 

D
ep

ar
tm

en
t o

f 
G

eo
gr

ap
hy

, t
he

 U
ni

ve
rs

it
y 

of
 C

hi
ca

go
. 



F
IG

. 6
. A

ve
ra

ge
 n

um
be

r 
co

nc
en

tr
at

io
n 

of
 g

ia
nt

 s
ea

-s
al

t p
ar

tic
le

s o
f 

th
e 

m
as

s 
of

 s
al

t r
an

gi
ng

 fr
om

 1
0-

lo
 g
m
 to

 lo
-'

 g
m

 a
t t

he
 1

-k
m

 le
ve

l, 
Ol

km
( 

10
-'o

-lO
-' 

gm
) i

n 
lo

-'
 c

m
-*

, J
un

e 
th

ro
ug

h 
A

ug
us

t. 
G

oo
de

 b
as

e 
m

ap
 c

ou
rt

es
y 

D
ep

ar
tm

en
t 

of
 

G
eo

gr
ap

hy
, t

he
 U

ni
ve

rs
it

y 
of

 C
hi

ca
go

. 



F
IG

. 7.
 A

ve
ra

ge
 n

um
be

r 
co

nc
en

tr
at

io
n 

of
 g

ia
n

t s
ea

-B
al

t p
ar

ti
cl

es
 o

f 
th

e 
m

as
s o

f 
sa

lt
 r

an
gi

ng
 fr

om
 

gm
 to

 l
o-

* 
gm

 a
t t

ho
 1

-k
m

 le
ve

l, 
o,,,( 

10
-'

o-
10

-8
 

gm
) 

in
 l

o-
' 

cm
-3

, 
Se

pt
em

be
r 

th
ro

ug
h 

N
ov

em
be

r.
 G

oo
de

 b
as

e 
m

ap
 c

ou
rt

es
y 

D
ep

ar
tm

en
t 

of
 G

eo
gr

ap
hy

, 
th

e 
U

n
iv

er
si

ty
 o

f 
C

hi
ca

go
. 



4
 

Fn 0
 

H
 

i 3 X
 

m
 

0
 

k
 



ON THE QIANT SEA-SALT PARTICLES IN THE ATMOSPHERE 143 

FIG. 9. Relation between Oo(10-11~s--10-8 gm) and 
elkm(io-10-io-* 

An error which entered in determining +(lo) 
by equation (8) seemed usually less than 0.1 
cm-3 in values of @,( 10-11.K-10-8 gm), but errors 
entered in the values of Oo(U,,m) and xl(ft) for 
stronger wind forces, such as 9 and 10, might 
be larger than this. Since the distribution of 
the particles near the coast of a continent may 
not always be assumed as an equilibrium 
distribution, isolines were not continued up to  
the very coast. It is also interesting to see that 
figures at island or coastal stations generally 
deviate from the main trend in oceanic stations. 

From Figs. 1 to 8, the following features of 
the global distribution are recognizable. In win- 
ter there are maxima of 1.6 ~ m - ~  in 8,(10-11a6- 
10-8 gm) and 2.0 x cm-3 in Olkm(10-10-10-8 
gm) to the east of Japan and t o  the west of 
Canada in the Pacific Ocean, and to the east 
of Canada (40'-60' N) in the Atlantic Ocean. 
In  summer these maxima almost disappear and 
the concentration falls off to about 0.8-0.9 cm-8 

may be obtained in the same way, and the 
value of Po for any class interval of mass may 
be obtained from these Oa values and equation 

various class intervals were computed in the 
course of the present calculation, but they are 
not included in this paper. 

The three-month average relative humidity 
for each station wa8 93% in maximum and 
63% in minimum, and almost all values fell 
between 90 % and 70 %; consequently the range 
of the value of xi was from 4.0 to 7.2 ( lo8 gm-% 
cm sec-l). This means that the average number 
concentration of the particles of smaller mass 
of salt (down to m =10-11.6 gm) is almost 
entirely determined by wind. Thus the points 
in Fig. 10 fall in a very narrow range. The 
average number concentration of the particles 
of about lo-'@ gm is influenced to some extent 
by the humidity distribution, so the points in 
Fig. 9 are more scattered than in Fig. 10. 
Average number concentrations of the particles 
of lo-@ gm or larger are very much influenced 
by the humidity distribution. These relations 
may aIso be understood from Figs. 5, 6, 7 and 
Table 6 of 11. 

(4). The value Of 81om, e lkm,  8,km and 03km for 
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FIG. 11. Relations among 0,k,(10-10-10-8 gm), 
Ol,,(10-10-10-8 gm), and 0,k,(10-10-10-8 gm). 

in 00(10-11~s-10-8 gm) and about 0.6 x 10-2 to 
0.9 x cm-S in Olk,(10-10-10-8 gm). In spring 
and autumn, small maxima of about 1.2 to 1.4 
cm-3 in 00(10-11,5-10-8 gm) and about 1.4 x lo-, 
to 1.6 x lo-, ~ m - ~  in Ol,,(10-10-10-8 gm) appear 
in these areas. In  the southern oceans between 
40" S and 60" S, there are always maxima and 
the values are 1.2 to 1.3 ~ m - ~  and 1.4 x 
cm-a in summer, and 1.6 to 1.8 cm-8 and per- 
haps 1.8 x lo-, to 2.0 x lo-, cm-8 in winter for 
eo( lo-11.6-10-8 gm) and Olk, ( lO- lo- lO-s  gm), 
respectively; the annual variation in the sou- 
thern hemisphere is generally small. There is 
an area of minimum concentration of 0.20 to 
0.30 ~ m - ~  in Oo(10-11~s-10-8 gm) and 1.2 x 

to 2.7 x ~ m - ~  in 0,k,(10-10-10-8 gm) in the 
area of Indonesia to New Guinea the year 
round. Another conspicuous feature is that a 
maximum of 1.7 ~ m - ~  in Oo(10-11~s-10-8 gm) 
and 2.0 x in 0,k,(10-10-10-8 gm) 
appears in the western part of the Arabian Sea 
in summer. 

4. Concluding remarks 
It has been deduced that the average geo- 

graphical distribution of the giant sea-salt 
particles, in the atmosphere aa a whole over 
the oceans is primarily determined by the 
distribution of surface wind, if we take a range 
of the mass of salt contained in the particles 
down to gm. If we take the range of the 
mass of salt larger than 10-lo gm, the distribu- 
tion is also influenced by humidity distribution 
near the sea surface. 

If the frequency of stronger winds increases, 
the average distribution will be much influen- 
ced. The present estimate is restricted to a 
calculation of an average condition based on 
the assumption of equilibrium distribution. 
Consequently, it has a significance only in a 
climatological sense. Problems left for future 
consideration are those of the variation about 
the average, and of the adjustment of the 
distribution to a change in wind, and thereby 
to a change in the flux of the particles at the 
sea surface. Especially in some extreme cases, 
such as in a typhoon or hurricane, the produc- 
tion rate of particles a t  the sea surface and 
the vertical distribution in the lowest atmos- 
pheric layer will need a completely different 
treatment. The production and distribution of 
the particles in the Arctic and the Antarctic 
Oceans will also need a special study because 
of the low temperature and the presence of ice. 

The distribution of giant sea-salt particles 
over the continents may be estimated, to some 
extent, by use of the present estimate over the 
oceans and by means of the study in I, together 
with some wind-distribution data over the 
continents. Further studies, however, on the 
ground sink, rainout, etc., would seem to be 
necessary. 

The circulation of particles, i.e., their actual 
net flux from the sea surface to the cloud, and 
back again to the earth's surface, will need 
additional study, since the present study con- 
cerns only the equilibrium distribution. The 
most interesting and important problem, how- 
ever, which might be now undertaken from the 
present survey, would be to elucidate the role 
this system of distribution of giant sea-salt 
particles plays in meteorological phenomena 
over the earth. 
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