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 1. Introduction. 

    Sea-salt nuclei in the atmosphere are 

important in meteorology on the formation 

of cloud and rain and also on visibility. There-

fore not a  .few papers on the nature and the 

number of these nuclei have been published by 

many investigators.  KOBLER6) made observa-

tions of the size of cloud particles and made 

chemical analysis of the rime formed from them 

and in 1922 expressed the conclusion that cloud 

particles formed on the nuclei were consisting of 
 1.847  x  10-14g of sea-salt. In  1940  WRIGuT14) 

published a paper on atmospheric opacity in 
which he showed that the variation of visibility 

with relative humidity at Valentia could  be 

explained by the presence of a certain number 

of sea-salt nuclei. Against  WRIGHT'S opinion 

 SIIVIPSON1°) considered that the shape of 

WRIGHT'S curve of the  opacity at Valentia 

proved that the nuclei were more likely to be of 

the nature of an acid than of sea-salt. How-

ever neither  WRIGHT nor SIMPSON  studied the 

relation between relative humidity and visibili-

ty by sampling the atmospheric nuclei. 

     Recently, direct sampling of atmospheric 

nuclei has been made by many investigators. 

In 1948  WooDcocKm etc. observed atmos-

pheric nuclei on the coast of Woods Hole and 
found that their number was about 10 per 

cc and that most of them contained between

 10-9g and  10-13g of sea-salt. However he 

did not refer to the relation between sea-salt 

nuclei and visibility. 

    On July 26, 1950 

we made observations 

on atmospheric nuclei atYuriage on the Pacific -rap) 
coast of Northern Hon-Sea 
shU (Fig. 1) by the 

spiders' threads method 
                                  11.4 

which was used by 

 DESSENS1,  2) in 1947, and 
found that these nuclei 

contained sea-salt and 
that their  size  distribu-
tion was given by a  sim-

ple formula. Using the 
above formula and the empirical fo 
expresses the saturation water var 

on the sea water surface in terms of 
ration of dissolved sea-salt, we obi 
formula which gives visibility in 

the relative humidity of  the 
 Furthermore it was found that 

observation at Valentia could be w 

by the new formula. 

 2. Method of Observations. 

    Observations were consisted  ( 
one of them was the observation  of 
and the size of nuclei and anothet

Fig. 1.

 

' 

00,314,

above formula and the empirical formula which 

expresses the saturation water vapour pressure 

on the sea water surface in terms of the concent-

ration of dissolved  sea-salt, we obtained a new 

formula which gives visibility in relation to 

the relative humidity of the atmosphere. 

Furthermore it was found that the result of 

observation at Valentia could be well explained

 Observations were consisted of two parts, 

of them was the observation of the number 

the size of nuclei and another  was  .that
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their nature. To observe the number arid the 

size of  nuclei we used a net of spiders'  threads 

 which was made on a square frame  (Fig. 2) . 

                      The length of each 

        (a. hole side of the frame                     was2cmand 
 MEI  th.e diameter of  HIM  

 threads was  from 
 ao  0 .03 to 0.3  ft. We 

Fig. 2. Frame (left) andused 'Trager- to 
 Trager  (right). observe the  nature 

                        of nuclei.  Trager 

(Fig. 2) is a sample holder which is used 
for supporting samples when observed by 
electron-microscope. On the hole in the center 

of the upper surface of  Trager thin collodion 
film was coated. The  diameter of the hole 
was 0.1 mm. 

    In order to capture nuclei on the threads 
and the collodion film, the frame  and  Trager

 ao

Table

I  AND ITS CONTRIBUTION TO VISIBILITY 79 

were exposed in the atmosphere with their 
surfaces normal to the wind. After a suitable 
time of exposure we observed the number 

and the size of nuclei captured on the threads 
by the optical microscope whose magnification 

 was 900. The radius of the smallest nucleus 
which could be measured by the microscope 

was about 0.2 The form of nuclei captured 
on the  collodion film was observed  by electron-

microscope (type HU  6 made by Hitachi Ltd.). 
Observations were made on the coast 80  m 
apart from the sea shore and 2.5  m higher 

than the sea surface. 
    Two observations were made, one of them 

from 0809 to 0928 (a.m.) and another  from 
1225 to 1255 (p.m.). During the observation 

sea breezes between S and SE  "prevailed and 
the relative humidities were from  Si to 87  0/o. 

The meteorological conditions during the  obser-
vations are shown in Table 1. 

1.

 Time 
 (JST) 

 0800 
  0821 
  0831 
  0843 
  0855 
  0918 
  0935 
  1215 
  1229 
  1255 
  1310

 Tdr  y 

  26.3 

  26.7 

  26.3 
  26.9 

  26.7

 Water 
 Twet  -C  Vapour Pressure 

 mb

23.7 

24.3 

24.0 
25.0 

24.9

R. H.Wind 
 0I       -Velocity and Direction  /  :0  I  misec 

 1

27.6 

28.8 

28.3 
30.4 

30.3

81 

82 

83 
86 

87

0.2 NW 
 0.2  NW 

0.1 ESE 
0.1 ESE 
2.3 ESE 
2.8 SE 

6.6 S 
7.4 S

     Cloud 
Amount and Form 

 4 St 

 4 Cu, St 

 4 Ac, Cu, St 
 9  Ci, Cu, Cb, Ac 

 9 Ci,  Cb, Cu

 3. Size  Distribution of Sea-Salt Nuclei. 

    Nuclei captured on the  collodion film 

were spherical drops when observed by 

optical microscope, but all of them became 

crystalline in the vacuous space of electron-

microscope. The photograph  of one of these 

crystals is shown in  Fig. 3. It is apparent 

from the figure  - that these  crystals are the 

aggregates of small crystals. On the other hand

we studied the forms of small  sea-salt , 
sodium  chloride and calcium  sulphate.  crystals 

by electron-microscope by spraying their solu-

tions. The  sea-salt crystals are the aggregates 

of finely separated crystals of each component 

as shown in  Fig. 4. The largest mass in each 

group of separated crystals in the photograph 
seems to be sodium chloride crystal. On the 

other hand crystals of sodium chloride and 

calcium sulphate are more simple as shown in



 SO

 Fig, 3. Crystai 
     (Photc by  El 

      ,04! 

        Fig. 4  SI 

     (Photo. by El

 S  OMWARA

        lot 

                

.014116' 

3. Crystal  Obtained on the Coast 
(Photc . by  Electre  n-microscope).

Fig. 5. 

 (Photo,

CrystalsSea-salt Crystals 
 Electron-microscope)

  2 j?-..tv

•

Sodium  Chloride Crystals 

by  Electron-microscope).
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 Fig. 5. The crystals obtained on the  ccast 
  have nearly the same form as sea-salt crystals. 

 Therefore the nuclei captured on the coast may 
 be  suppoSed to be sea-salt nuclei. 

      Recently  WoopcocK") etc. observed  the 
  atmospheric  nuclei captured on the glass slide 

  coated with  Dry-film on the coast of Woods 
  Hole and found that they were consisted of 

  sea-salt. 

      From reasons above  mentioned  it is 

  concluded that except near the industrial 
  area atmospheric nuclei over the sea are con-

  sisted of sea-salt. 

      Nuclei captured on the threads were 
  also spherical drops when observed by optical 

  microscope. We shall compute the number 
  of sea-salt nuclei in 1 cc of the atmosphere 

 from their number  captured on the spiders' 

  threads. We assume that any nucleus whose 
  centre enters into the range within  r from the 

  thread is captured by the thread, that is to 
  say, the rate of capture by the thread is as-

  sumed to be equal to unity, where r is the 
  radius of nuclei captured. Then the number 

 n, of nuclei with radius r in 1 cc of the 
  atmosphere is given by 

                 rl  2
yvt  ' 

  where n' is the number of nuclei captured on 
  the thread  of  100 long, v is the wind  velocity 

  in  m/sec and t is the duration of exposure 

  of threads in the atmosphere in sec. 
      Radii of the largest and the smallest 

  nucleus observed by optical  microscope were 
  about 9 and 0.2  it respectively, and the number 

  of nuclei was counted for each about one micron 
  interval of their radii. Total numbers of the 

  observed nuclei were obtained by summing 
  up  ,i1 and they were about 10  (a.m.) and 3 

  (p.m.).  Howe\ er as will be described at the end 
  of the paper we underestimated the number 

  of nuclei in the atmosphere. Therefore the 
  number of nuclei in 1 cc of the atmosphere
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will be  more than  thoSe  computed above. 

    We shall compute the size  distribution 

of sea-salt nuclei, where the size of nuclei 

means their size when they are crystalline. 

For convenience of computation we shall 

assume that the form of sea-salt crystals is 

spherical. Then the radius of the sea-salt 

crystals will be computed by the following 

procedure.  The relative humidity in  equili-
brium with sea water for different concentra-

tions of dissolved sea-salt is shown in  Fig.  60.

 /  0  0

 0

 3

 •

ti

 X
0 0.2 03

   Fig. 6. Equilibrium Relative  Humidiiy on 
   the Surface of  Solution in Terms of  Con-

   centration. 

      c Ratio of Mass of Dissolved Salt to 
          That of  Water. 

 x  Observed  Value  (Sea  Water  at  25QC).  - 
 --  0.52  c. 

    - Observed Value (Sodium Chloride  Solu-  • 
         tion at  20°C). 

The concentration of dissolved sea-salt in 

each drop is read from the figure for each relative 

humidity and the mass w of sea-salt in each 

drop is deduced from the concentration and 

the radius of the drop. Then the radius  rc 

of the sea-salt crystal is given  by

        

• •                    3w 1/3 
 477-190  )  , 

where  pu is the density of sea-salt (about 2.2). 

    Curvature effect upon water vapour 

pressure over the drop  is.not generally signifi-
cant in our case. This is due to the fact that 
the increase in vapour pressure due to surface 
tension over the observed smallest drop with 

radius  0.2.t is only 0.45% and this small 
increase is readily balanced by the decrease in 
vapour pressure produced by the small increase 

in the salt  concentration. 

    The size distributions of  sea-salt nuclei
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Fig. 7. Size Distributions of Sea-salt Nuclei 

and Sand Stone Dusts Produced by Grinding. 

 it Number of Sea-salt Nuclei. 

 • a. m., o p. m., x  WoonCOCE. 

 - - - Size Frequency Curve of Sand Stone 

 Dusts.
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thus obtained are shown in Fig.  7. In the 
figure WOODCOCK'S result is also shown together 

with our results, and it will be easily seen 
that these three distributions  resemble fairly 
well with each other. For the comparison with 

the above results the size  distribution') of sand 
stone dusts which were artificially produced by 

grinding is also shown in the figure. 
     The size distributions of sea-salt nuclei 

in Fig. 7 are expressed by 

        (a.m.)  n-  2.8  x  10-9,t0-3.24 
 (p.m  -) n= 5.4 x (1) 

      Wooncocx n=  7.1  x  10-9r0-2.9 

respectively, where  nAro is the number of 
nuclei in I cc of the atmosphere with radii from 

 (roAto (roAr° ) and Aro is taken to   2ro9 
be 0.58 (a. in.), 0.54  ,a (p. m.) and 0.34 

(WooDcocK) respectively. (In Fig. 7, for nuclei 
with radii smaller than 0.6  ft the width of 
interval is from 0.25 to 0.1 Two formulae 

from the beginning hold for nuclei with radii 
from  0..1 to 2.5  /./. and the last one for nuclei 

from 0.5 to 5  ,u.. 
     These three distributions may be  approxi-

mately expressed by the simple formula 

 nrom  =  C. (2) 

This is the new formula expressing the size 
distribution of sea-salt nuclei, in which C 
depends on the meteorological conditions and 
the geographical situation. 

    We could not determine the distribution 
of the nuclei with radii between 2.5 and 5  it, 

because only a small number of them were 
observed. However as described above the 

number of nuclei in this range observed  by 

 WooDcocK can be approximately expressed 
by (2). Therefore it may be presume that also 

in our case there were as many nuclei in this 
range of radius suspended in the atmosphere as 
were given by (2).  -Very few nuclei with radii 
larger than  5y, were found in  our  observa-

tion and also in  WOODCOCK's one. Therefore

AND T. OKITA 

  we may assume that the radius of the largest 
  nuclei is about 5  it. 

      Although the formula (2) holds for about 
  0.5  it interval of the radii of nuclei,  .for con-

  venience of computation, we shall assume 
  that (2) also holds for infinitesimal interval 

  of the radii of nuclei. Then the total  mass 
  W of sea-salt contained in 1 cc of the atmos- 

                r02n-poC  
 phere is given by IF43             -wkr02---       r01 

 r01), where r31 and  7,, are the radii of the  smallest 
  and the largest nucleus respectively.  Usual-

  ly  r02>rot and as described above  r02 is approxi-
  mately equal to 5 W is expressed by the 

  simple formula 

 W=  4.6  C  x 10-mg. (3) 

  The mean value of C obtained from our observa-
  tion and that of WooDcocK is equal to about 

 5  x 10-a, then W is found to be  2.3  x  10-"  Wee. 

  In spite of our underestimation of the number 
  of nuclei, this value of W is the same order of 

  magnitude as those obtained by chemical 

 analysis-1.4). 

  4. New Formula of Opacity in Terms of 
      Relative Humidity. 

 HIGASHI'S result shown in Fig. 6 can be 
  expressed by the empirical formula 

 H=1-  0.52  c 
  for the range of relative  humidity from 79 to 

 100(yo, where H is the  relative humidity over 

  sea-salt drop and c is the  ratio of the mass of 

  dissolved sea-salt to that of water in the sea-salt 
  drop. 

      It has been considered that sea-salt 
  drops become crystalline at the relative  humidi-

  ty of about  70%.  WoopcocK,12) however, 
  observed that they do not crystallize for 

  humidity as low as above 30% and  DEssENs1,2) 

 also found that the drops of sodium chloride 
 solution remain in  equilibrium with the  atmos-

 phere at the humidities from 100 to 40%. 
 Further it may be supposed that it will take



THE SIZE  DISTRIBUTION OF SEA-SALT  NUCLEI AND ITS CONTR1PUT1ON TO VISIBILIIY

a long time for the sea-salt drops to become 

crystalline.  Therefore we can assume that 

sea-salt drops do not crystallize for the  humidi-
ties at least above 50% and that the above 
formula holds for these humidities. 

    The sea-salt concentration  c and the 
density p of the drop are given by c  poi 

 (r3  p—  ra3  pa) and  p--=(  1  +0/(1 --cPo-) respective- 
ly, where r and  ro are the  radius of the drop 

and that of dissolved  salt crystal respectively. 

Then the ratio of the radius of sea-salt drop 

to that of dissloved sea-salt crystal is given by 

 0.52p0  +(  1  —  H)  y13 
 (4)  ro1-11 

The values of  0', for several different humidi-

ties are shown in Table 2, in which  pa is taken 

as equal to 2.2. 

                    Table 2.
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opacity due to water drops and obtained the 
following expression 

         XN =  1.45  Th-k(MNr2  •  10", (6) 

where N is the number of water drops in 1 cc 

of the atmosphere, r is their radius (cm) and k 
is a factor depending on the ratio of r to the 

wave length X of the light. In Fig. 8 the values 
of k computed by  HOUGHTON') etc. are shown 
in terms of  i3  =  27rriX. For  13 larger than 
50 k is approximately equal to  2.

       90 80 70

 riro  2.31 1.89  j 1.69

60  I 50

  1.57    1.49

    Next we shall obtain the relation between 

visibility or opacity and the relative  humidity 
using the above result.  KOSCHMIEDERT) ob-

tained a relation expressing visibility  17 in terms 
of extinction coefficient due to  suspensoids in 
the atmosphere. We shall use opacity  x 

 nebulelkm  in place of extinction coefficient 

where nebule is the unit  proposed by  GOLD3). 
Then  the above relation is given by x  — 57, 

where V is expressed in km. 
    Opacity  x is composed of three compo-

nents : that is, 

 XN  XP  XM (5) 

where  XN  XP and  Xm denote the opacity due to 
scattering and absorption of light by hygro-

scopic particles,  non-hygroscopic particles and 

molecules of the air respectively, the last 
being equal to 0.23  neb/hm. 

    STRATTON and  HotYGITToN") computed the

 44

J

 A
2

1

 0  0  20  "  30  50

            Fig. 8. k in Terms of  S. 

    It will  be unreasonable to assume that 
equation (6) will hold also for sea-salt nuclei. 

Then if the size distribution of nuclei is taken 
into consideration the opacity  xN due to sea-
salt nuclei is given by 

 XN  =1.457r  {  nk  (Me  c  1  Yu}  •  10d. (7) 
   By combining (2) and (4) with (7) we 

obtain 

 XN  1.457r  C  f   1152P°4-  (1  11)  }213.C dr+108.  1--H 
                      (8) 

    As the formula (2) holds for nuclei with 
radii  r, between 0.1 and 5  it, (8) holds  also 

for these nuclei and so the upper  limit of 
integration is equal to 5 The size of nuclei 

 smaller than 0.1  iz was so small that we
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could not estimate their number.  How-  ever 

for these nuclei k is so small  and their  number 

is presumed to decrease so rapidly as their 

radii decrease as in the case of sand stone 

dusts shown in Fig. 7 that the contribution 

of these small  nuclei to opacity may be regarded 

as negligible. Therefore the lower limit of 

integration  may be taken to be 0. 

     Thus  we have 

 XN  =  1.45  .7r  C  0'52P°   }_21 

 

1  --H 

                    kdro} .106.                       (9)           {5"-40re 
    Computing the integral numerically we 

obtain 

 5x10--4 kdy
0   —A1--0.3 (1—H)}, (10)     J

o 

where  A. is a numerical factor depending on the 

wave length of the light and is approximately 
equal to 9.5. The deviation of A for the wave 
length of 0.5 and 0.7  p, from the mean value 

9.5 are both below 3%. 
   By combining (5) and (9) with (10) 

opacity is expressed by

 100

 7

 90

os. s oll  /D poi

 

'5.4  PO;

 

I I

70‘4.1

 (so

^

 SO

 40 „11 I IILLa 

 

I  III  I/II

 0 I1).23  10  11

Fig. 9. 

Relative 

Sea-salt

Relation 

Humidity 

in I cc of

 aNCITY 
 between Opacity and 

 for Several Amounts of 

the Atmosphere,  •  '
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 X  =  1.45  7r  A  C  0'5219`)±   (1  —11)  }-2/3 
 1—H  

{  1  0  .3  (1  --  H)}  •  106  +  xp  +  0.23. (11) 

 This is the new formula expressing opacity 
 in terms of relative humidity. 

      In the case of  A  =9  .5 and  xp=  0, the 
 relation between opacity  and relative humidity 

 for several different mass W of sea-salt  in 

  1 cc of the atmosphere is shown in Fig. 9. 
 The relation between W and C is  given by 

 equation (3). The assumption  Xp  0 was 

 adopted by WRIGHT to explain the visibility 
 at  Valentia. 

  5. Explanation of the Variation of 
     Opacity with Relative  Humidity at 
      Valentia. 

 WRIGHT14) investigated the variation of 
 opacity with relative humidity at Valentia 

 and concluded that it could be explained by 

 the presence of a certain number of sea-salt 
 nuclei in the atmosphere. He found that the 

 mean mass of salt dissolved in each nucleus 
 was 1.1  x  10-13g and the number of these 

 nuclei contained in 1 cc of the atmosphere was 
 63. To deduce these mass and number of salt 
 he used the saturated water vapour pressure 

 on the surface of sodium chloride solution 
 in place of that on the sea water at the same 

 concentration. However the former differs 

 considerably from the latter at low humidities 
 as shown in Fig. 6. Furthermore,  although. , 

 his computed value agrees well with observed 

 value for high humidities, for low humidities 
 it deviates considerably from the observed 

 value as shown in Fig. 10. He attributed its 
 discrepancy to the fact that when the humidity 

 is below 70% the sea-salt drops crystallize 
 and that the opacity remains unchanged for 

 lower  humidities. 
 SINIPSON1°), however, pointed out that 

 if the sea-salt drops crystallize at the humidity
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- Fig . 10. Relation between Opacity and 
   Relative Humidity at Valentia. 

 C) Observed Value. 
 - Computed Value from  (11). 

 WRIGHT.         
-  SIN-EPSON. 

of about  70% the size of drops decreases 
rapidly there, then opacity would decrease 

discontinuously at this humidity and its varia-
tion would be shown by the dotted line in 

Fig. 10. He then concluded that the  nuclei. 
suspended in the atmosphere are more likely 
to be of the nature of an acid than of sea-salt. 

    Our treatment differs from both  WRIGHT 
and  SimpsoN in following respects. First we 
used the saturation water vapour pressure on the 

 sea water surface as equilibrium vapour pres-

sure on the sea-salt nucleus. Secondary we used 
the size distribution of sea-salt nuclei which 

was obtained in § 3, and lastly we assumed that 
sea-salt drops do not crystallize at least above 
50% relative humidity. If we put 1.21  x  10-7 

and 0.15  neb,  km for AC and  Xe in (11) re-
spectively the opacities obtained from  (11) come 

very close to the  observed values at Valentia

 AND ITS CONTRIBUTION TO  VISIBILITY  85 

as shown in Fig.  10. Thus formula (11) well ex-

plains the result of observation without assum-
ing that the nuclei are of the nature of an acid. 

     That the  values of AC and  Xe assumed 
above are reasonable will be understood by 

the following explanations. If A  is given 
by 9.5 C becomes  1.3  x  10-8  from the above 

assumption. The amount of sea-salt contained 
in  .1 cc of the  .atmosphere is estimated from 

(3)  and is  found to be  6.0  x  10-"g1'cc, which is 
the reasonable  valuem in the atmosphere. The 
opacity  xi, due to non-hygroscopic particles 
has not been studied in detail. However it 
may  be assumed that the similar expression 

to (6) would hold for  Xp, then  Xp  =  1.4577-k'.  x 

N'r"  •  106, where  r' is the radius of particles in 
cm, N' the number of particles per cc of the 
atmosphere and k' is a  numerical factor. It 
may be supposed that the  value of  k' has 

the same order of magnitude as that for 
water drops. If we assume that the  .mean 
radius r' of particles is  equal. to 0.15  ,u and 

that the wave  length of the light is 0.5  k' 
becomes 0.5 from Fig.  8. Then in the case 

of  XP  — 0.15  neb/km  the number of particles 
is found to be 290 per cc of the atmosphere. 
Since the number of nuclei observed over 

the sea by  AITKEN'S dust counter has the same 
order of number as that obtained above, the 
value of  xp assumed above also may be 

regarded as reasonable. 

 6. Summary. 

    We made observations of the  atmosphenc 
nuclei on the coast and found that these nuclei 
contained sea-salt and that their size distribu-

tion was expressed by  n  r,3 = C. From the above 
formula and the empirical formula which  ex-

presses the saturated water vapour pressure 
on the sea water surface in terms of the con-
centration of dissolved salt we obtained a 

new formula expressing opacity as a function 

of relative humidity, that  is
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 X  =  1.457rA  C  C/'52P°+  (1—H)  }2 
 1  --H 

 x  {1  —  0  .3  (1  —  H)}  •  106+  xp  +  0.23. 

Furthermore it was found that by inserting 

reasonable  values for  xp and C the result of 
observation at Valentia could be well explained 

by the above formula. 
    The opacities computed from the numbers 

of observed nuclei are only about one-fourth 

(a.m.) and one-tenth (p.m.) of that of WRIGHT. 
However during our observation the wind 
was so gusty that the wind direction was not

AND T.  OKITA 

  always normal to the surface of  Triiger and 

  frame, therefore the total numbers of observed 

  nuclei are not reliable one. In addition, as 

  there was no suitable landmarks, to our regret, 

  we could not examine our new formula direct-

  ly from the observation of visibility. 

      The authors desire to express their thanks 

 to the Department of Education for his finan-

  cial support and to Prof. T.  Him and Mr. 

  S.  TAKAHASHI for their guidance and help 

 ,for photographing by electron-microscope.
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