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Observations supporting; the salt-nuclei hypothesis of raindrop formation 

by 

A. H. Woodcock and D. C. Blanchard 

Woods Hole Oceanopraphic Institution 

Woods Hole, Massachusetts 

(1) 

Abstract 

Atmospheric chlorides in sea-salt nuclei and the chlorides 

dissolved in shower rainwaters were recently measured in Hawaii. A com- 

parison of these measurements reveals the remarkable fact that the weight 

of chloride present in a certain number of nuclei in a cubic meter of 

clear air tends to be equal to the weight of chloride dissolved in an 

equal number of raindrops in a cubic meter of rainy air. This result is 

explained as an indication that the raindrops grow on the ■alt nuclei in 

some manner which prevents a marked change in the distribution of these 

nuclei during the drop-growth process. 

The data presented add new evidence in further supnort of the 

salt-nuclei raindrop hypothesis previously proposed by the first author (ll). 

1. Woods Hole Oceanofraphic Institution. Work supported by the Office 
of Naval Research, under contract number Nonr-7Q8(00) (NR-082-124). 
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1. Introduction 

The earlier study of atmospheric salt particles at cloud levels 

over Florida (Woodcock, 1952) showed that the number of the larger of 

these particles per cubic meter of air was similar to the average number 

of raindrops found during rain storms in other locations. This study 

also showed that the chloride in these nuclei, assuming that each rain- 

drop forms around a single salt nucleus, was sufficient to account for 

the range of chloride concentrations usually observed in rains. This 

similarity of the number of chloride content of salt nuclei and the num- 

ber of raindrops and the chloride content of rain waters led to the sug- 

gestion that raindrops form on the large salt nuclei. It was suggested 

that further studies should reveal a close relation between the salt in 

the clear air and salt in the rain falling from clouds subsequently 

formed in this air. 

The purpose of this paper is to present the results of a first 

test of the salt-particle raindrop hypothesis. This test was carried out 

during 1952 in Hawaii, where the salt nuclei content of the trade winds 

is well known and where shower rains occur with great regularity from 

orographic clouds over the mountains. These clouds form in the wind 

stream as it flows over the islands, and are usually restricted in verti- 

cal development to the lower atmosphere up to the trade-wind inversion 

at about 2.000 meters. 

Rain samples were taken within the clouds at postitons 1. 3, k, 

and 5 (see fig. 1) on "he island of Hawaii. Sampling of rain within the 

clouds made it possible to avoid the difficult problems of evaporation of 
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Isohyetal map of the island of Hawaii, with the 
locations of the rain-sampling stations. 
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raindrops and of the coalescence of drops with salt particles, which 

exists in rains which are sampled far below cloud base (6). The sampling 

positions were selected because positions 1 and 4 are within the bases of 

the clouds near the area where many of the first shower rains reach the 

ground, and because positions 3 and 5 are approximately downwind from 1 

and 4 respectively and also within the clouds. 

If the salt nuclei were growing to raindrop sizes in these 

shower clouds, we supposed that the larger less numerous nuclei, which 

are initially the larger of the cloud droplets (5), might become larger 

raindrops and fall out of the clouds at the windward stations 1 and 4. 

The remaining small and numerous drops, formed upon the smaller and more 

numerous nuclei, would be expected to fall more slowly and to reach the 

ground further downwind near postions 3 and 5. Thus it was anticipated 

that the raindrop number and the rain water chlorinity at stations 1 and 

4 might be found to be related to the number of the larger salt nuclei in 

the air and that the rain at stations 3 and 5 might be similarly related 

to the smaller nuclei in the air. 

The observations presented below give reasonably consistent 

support to this anticipated pattern of interrelationship of salt nuclei 

and rain. 

2. Sampling rains and atmospheric salt in Hawaii 

In this phase of our work in Hawaii the field problems were 

first, to measure from aircraft the number and the weight of the salt 

particles in the air stream before it arrived over the islands and 

second, to measure on the mountainside the drop size distribution, the 
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salt content and intensities of the rains within the orographic clouds. 

The filter-paper technique was used for measuring the sizes of 

the raindrops. Exposure of these filter papers was made at about the 

same time that bulk rain-water samples were taken for chloride analysis. 

One-half square meter stainless steel funnels were used to obtain these 

bulk-water samples. Adequate volumes of water for chloride analysis could 

be taken with these funnels in from 10 to 300 seconds, the time depending 

upon the rain intensity. The filter-paper and funnel samples were taken 

only at times when the rain rate appeared to be constant. During the 

sampling periods rain showers were not observed to be drifting in over 

the land from the windward sea. Thus the samples were taken in orographic 

showers, with little rain falling to windward of stations 1 and 4. 

The results of the rain sampling at stations 1 and 4 are shown 

on Table 1, and those at stations 3 and 5 on Table 2. In these tables 

averages are made from data whicn is separately tabulated into "parts" 

having similar rain intensities. The average raindrop distribution from 

the different rain intensities shown on Table 1 were plotted cumulatively 

as shown on the lower left part of figure 2. 

In the present study it is also necessary to know the liquid 

water content and the rate of fall of the rain sampled with the filter 

papers. These quantities were derived as illustrated on Table 4, «here 

rate of fall and liquid water content (columns 6 and 7) are determined 

from the raindrop distributions found in the highest intensity rains at 

stations 1 and 4 (see Table 1, part 4). 

The chlorinities of the rains, which are given on Tables 1 and 

2, were determined by the standard Mohr method, using a microburette and 



H 

CM 

I 

§ 

«H 

CO 

0) CM 
-P lA 
rt ON 
PH 

ö 

CVJ 

.a 

£ 

00 a 

Hr-H p 
IAO H f—OsCKOO^ 
00 r^      Os CO t^- UNp- P 

| 
o 

Ja 

n CM vo 0\ w o' 
^t en CM so <n^t i 

H Q H Q O HooL^ 
r- ^ CM o f^v r- r^p- 
«••••••l* 

O O O H H O OIO 

m CM r- co ^ oo osto 
•   ••••••I* 

vOvOUNCMMCVi|H 

ON ONIACO 0\^). 
•    t    •    •    o    • 

H H O H H O 

H H CM r^lAO 
co co cqoosq r- 
H H r-i H H H 

H 

H 

_^^^^f^OsOsO 

IT) K   B    B    B    B    * 
m 

« 

wo^    ^ UN^J 

vO CM^J 
CM CM 

Cf\t 

%v$ 

r^vO (niArSUt 

^MP; CO \A -    - - - • 
r^CO C-XAH 

^JCM O noO •    •    •    •    • 
r^r^CM CM fn £ 

CO ONCM ONO 
•    •    •    •    • 

vO CM rococo B 

0\(n-^ W ON 
•   •   •   •   • 

CM CM CM (^ f^ 

Ov\ACM CM J- 
\ J^ CM (^ 

r^OO 00 C-t- 
mro. 
H H H H H 

rt B B    B   B 

^r 

si 

H 

S5 

O CvJlO 

p u m 
1 a^B 

0)     co oopo 

t- 

00 UN 

Jf^O 

B-     U 

^     ß 

»dS 

CJ\A; 

a03 
« 

oo 
ON IK 

aB      ä§^ 
8 
vO € 
ONVOI 
NO Osli 

1 
3     vO öl» 

5       8 CMKM 

Ö 

I 

515 

HH 

H^t 

*' 

•51 -i H H H^^t«4 H H H^J_zr H^t H H 



v. 

p v< 

1| 
n H 

«H 

MH 

Öl 

00 UN 
-3 p 

UNO C^O 
Os 

8^85 
CM 

oo vÖ-4 O-^ ^ 
\Aoousr-^ H mvO 

o 
st 

88888 
c-\A,zfi3Soi 
oo HUNOO q 

18 
Q 00 H d ^ O\0\ri 
ei w qooNÖ 

_ ,. . 0\ 
CM\r\LA 

ON OsvO ON OO OO C-t-UJ <n OjUNVO ^A» 
OH OH HUNOOr^vOUNHOJ cvi Jl 

ooooooOoooooooi 

Sf^OOOOOsOOCOJ'NOfn-StJ'Oi 
CJCvlvOvOWOOOOOOHO 2P 

OOOOOHOOOr-tOOH OlO 

ssas^s^s' CJ 

^^^s^^s^ai 
t CO Ox CM UN 

HH w w 
CVJ CV1 Csl CJ 

CO CO OO OO 00 
CJ CM CM CJ CM H-^-^ UN UN UN U\ U\ VN 

U 

•4 
l ■' B *    B. B' 8< B' C' 

*      f0 

OH 
CM 

l>-ltM 
CMEO 

;S8| 
H CM rr\H| 

8888g 
«t    A    •«    •     « 

rlUtOOH 0\ 

O-^ 

M3 CM 

8 
O 

LA 

r^UNO. 

H H CM Hl 

8 CMC-^tl •    •••■• 
CM H O 3ß 

o\oo o qK* 
o CM t^-Hr- 
H CM cvi HlH 

P-ONUNCO 
CM\AU\UN 
t>-r--40 
HHHW 

OO Os 

UNUNUWAUNfnr^mUNUNUxUNUvUN NAU\rNU\ 



- 5 - 

a one-hundredth normal silver nitrate solution. 

Atmospheric salt particles were sampled in clear air at cloud 

levels over the sea by exposing small glass slides from aircraft. The 

methods used to sample atmospheric salt and those used to sample the 

rains have been described previously (l) (10) dD, and will not be dis- 

cussed further in this paper. 

It proved to impracticable, during the 1952 field trip, to 

obtain simultaneous observations of airborne salt and of rain. This 

difficulty was eliminated because it had been found, daring many pre- 

vious salt-sampling airplane flights, that a clear relationship existed 

between the wind force and the quantity of salt nuclei in the air at 

cloud levels. Figure 3 shows the averaged results from the salt nuclei 

samples taken in Hawaii on twenty-three different days between June 1951 

and July 1952. Differences in the distribution of mas. of salt among 

the nuclei on these days are shown cumulatively on figure 4. This figure 

also shows that the smoothed curves on figure 3 are based upon from nine 

to twenty-seven measured size-range categories. 

Thus by using this salt-nuclei data and the average wind force 

observations from U. S. Weather Bureau surface maps (see table 3), wa 

were able to make a quantitative estimate of the avemge weight of salt 

as nuclei in the air during the interval of days when we sampled rain. 

This average salt amount was compared to the average weight of salt in 

the rain on these days. 

3. MMst »a "^ ta ^e nuclei to thuaUBJfesJäJB^LatJäaaasä 
stations 1 and 4 

As previously st.ted, the purroso of the present study is to test 
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Table 3 

surface wi„d8 over the .... ^ÄSÄ" 
«a sampled, as reported by ^ips ^ plan 

North Pacific. 

Date N^er of obse-tions ^rsge^ 

1952 reported 

April 28 U 

April 29 5 

May 1 

May 4 

May 5 

May 6 

11 

8 

14 

9 

4.9 

3.6 

3.3 

3.8 

3.8 

3.8 

av. = 3.9 

' 
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the idea that a close relationship exists between the weight of the larger 

salt nuclei per cubic meter of clear air and the weight of salt dissolved 

in the rain in a cubic meter of rainy air. Expressed differently the a- 

bove idea would mean that the largest salt nuclei form the raindrops, and 

that the individual drops which make up the first rains coming from a 

shower cloud should contain the salt found in an equal number of the larg- 

est salt nuclei. 

The average numbers and sizes of raindrops for various rain in- 

tensities at stations 1 and 4 are plotted cumulatively on figure 2 (see 

curves, lower left), starting with the largest drops observed. On the 

same figure the average distribution of number and weight of salt nuclei 

is similarly presented at the lower right. This salt nuclei curve, taken 

from the data shown on figure 3 is used because the observed average wind 

force during the days when the rains samples were taken was very nearly 

force 4 (see table 3). 

Figure 2 and table 4 contain the information required to compute 

the chloride concentration which should be observed in rains if each of 

the larger salt particles has become a raindrop and if, in the process, 

little change has occurred in their distribution in the air. For example: 

3 -2   -1 
rains averaging 6328 mm ra  sec  intensity were made up of a definite 

number of drops of each size range falling per square meter per second (see 

table 4, columns 4 and 5). The approximate weight of sea salt in the nu- 

cleus of each of these raindrops is taken from the force 4 cumulative salt 

nuclei curve on figure 2, using the appropriate cumulative raindrop curve 

to establish, in each case, this nucleus weight. These  weights are shown 

on table 4, column 8.  As an indication of the derivation of these weights, 
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RAINDROP   DIAMETER   (mm) 
1.0    2.0 

1.0     2.0 ID2 I03 10" 
RAINDROP    DIAMETER    (mm) SEA-SALT    NUCLEI    WEIGHT 

(UNIT = io-,2gms) 

Figure 2 

The lower part of this figure shows cumulative averige number distribution 

curves for salt nuclei and for drops in rains of virious intensities. These 
curves are used, as described in the text, to compute the average chlorin- 

ity of the rain waters (fig. 5) and to compute the raindrop salinity values 
which are piven above 
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PARTICLE    RADIUS   AT  99% RH (//) 
23.7 51.1 MO 5.1 
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WIND        NO. OF        CHLORIDE 
FORCE     SAMPLES     i0'6gm m"3 

10' 

WEIGHT   OF  SEA  SALT   PARTICLES   (////GRAMS) 

Figure 3 

Cumulative distribution curves for averaged salt nuclei number during winds 
of virious forces in Hawaii,  (taken from Woodcock, ref. 12) 



Table 4 

Averaged rain data derived from 
filter paper samples, table 1, part 4 

Drop 
dia. 

Drop 
no. 

Drop 
vol. 

Drop 
fall 
rate 

Drop 
no, 

falling 

Rain 
Rate 

3 

Rain 
water 

in air 

Wt. sea 
salt in 

each drop 
unit ^ 

Total sea 
salt falling 

in drops 

mm m-3 3 mnr m sec" m   sec" nrtec" 5 -3 ' mnrra  •? 10     g 
-6       —2     -1 

10" gm m~ sec" 

0.3 786 .m/,i 1.17 920 13 11.1 420 0.386 

0.5 282 .065 2.06 581 38 18.3 485 0.282 

0.7 163 .180 2.90 473 85 29.4 530 0.251 

0.9 458 .375 3.65 1670 628 172 600 1.000 

1.1 507 .700 4.30 2180 1523 354 830 1.810 

1.3 304 1.14 4.90 1490 1700 347 1,350 2.010 

1.5 143 1.73 5.45 780 1348 248 2.270 1.770 

1.7 17 2.56 5.95 100 256 43 3,500 0.350 

1.9 28 3.59 6.35 175 628 99 5,100 0.892 

2.1 3 4-85 6.75 22 108 16 10,000 0.220 
<D328 1338 8.971 
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note on salt curve B (fig. 2) that salt particles weighing 420^gms., 

occur at the cumulative number 2150, which corresponds to the same num- 

ber of 0.3 ram drops on raindrop curve number 4. Thus 420^-^gms. is en- 

tered on table 4, column 8, as the weight of sea salt to be found in a 

0.3 mm raindrop and in rains of the indicated average intensity. Column 

9 gives the product of these nucleus weights and the numbers of raindrops 

(column 5). The computed salinity of the rain (Sc) is now simply the 

ratio of the total weight of sea salt falling, to the total amount of 

water falling. 

s .Us_ (1.) 

where S = computed sea-salt concentration of rain (Mg 1 ) 

-2   -1 Ms = sea salt falling m~ sec  (Mg) 

Wrliquid water falling m~2 sec"1 (liters) 

For the high-intensity rains averaged on table 4, the amounts of sea salt 

2-1 3  2-1 
and water falling are 8.97 /i g m  sec  and 6328 mm m" sec  respectively. 

The ratio of these quantities, with the units adjusted, yields a computed 

sea-salt concentration of 1.42 rag 1~ , or a chloride concentration 0.8 

mg 1" . 

The above computed value for the average chloride concentration, 

plus other concentrations similarly computed from the averaged data concern- 
* 

ing rains of lower intensity (see table 1) are plotted on figure 5^ Thia  
5  

These computed chloride concentrations for the rains of other intensities 
were derived in the manner shown on table 4. but are not tabulated here in 
order to save space and to avoid unnecessary repetition. 
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0.01 10 90 99 
CUMULATIVE WEIGHT {%) 

99.9 99.99 

Figure k 

Averaged ciunulative percent weipht distribution curves 
for salt nuclei present in the atmosphere in Hawaii 

ander ftfjlnc wind conditicns (forces 1 through 7). 
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o    OBSERVED   AVERAGE     CL   OF    RAINS 

•    COMPUTED   AVERAGE     CL    OF    RAINS 

5 10 
RAIN     CHLORINITY    (mg A'1) 

Figure 5 

Observed and conputed chlorinities of rains related to rain intensity. 
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also shows the observed average chlorinities of the rains at stations 1 

and k.   These observed chloride concentrations are remarkably similar to 

the computed concentrations, and this similarity is regarded as suggest- 

ing that each large salt particle has formed a raindrop. 

Relating the salt nuclei to the salinity of the rains at the leeward sta- 

tions 3 and 5 

As previously suggested on pages 2 and 3, the rains falling at 

the leeward stations 3 and 5 were found to be made up of groat numbers of 

small drops containing relatively little chloride (see table 2). This 

character of these leeward rains tends to support the idea that they are 

composed of drops which have formed on the very numerous salt nuclei found 

among those particles weighing from about 5 to 20/tft   gms. The average 

chloride in these rains (see table 6, column P) equals 6.2 percent of the 

total chlorides found during force 4 winds (totals ^.VxlO"6 gms m-3). On 

figure 4 it can be seen that about 7.5 percent of the chlorides in the air 

are between 4.5 and 20^  grams in weight, and in figure 3 the salt nuclei 

curve for force 4 winds shows that there are about 1.4xL05 particles pre- 

sent in this weight range. Thus the chloride content and the numbers of 

the small salt nuclei are quite adequate to account for the chloride con- 

tent and the numbers of the raindrops in the leeward rains. 

Due to the nature of the techniques used to measure these small 

raindrops and small nuclei, it is not possible, with the present data, to 

relate the raindrops to the nuclei more precisely. Such precision could 

be obtained in future measurements by dividing the smaller raindrop and 

salt nuclei number distributions during the measuring process into greater 

numbers of si'/e-ranpe categories. Note on table 2 that the greatest num- 

bers of the raindrops at stations 3 and 5 are in the first size category, 
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Khile figure k shows that all of the appropriate salt nuclei fall within 

a single measured size-range category. 

Most of the raindrops sampled at stations 3 and 5 are so small 

that due to evaporation it is very unlikely that they would survive a fall 

through many hundreds of meters of clear air. This probably explains why 

these small drops have not been reported in such great numbers by other 

observers. 

imputed raind^p salinitv compared to observed salinity 

During the spring of 1954, Turner (9) measured the salinity of 

individual raindrop size ranges in Hawaii. For obtaining rain waters from 

different drop size-range categories, he used a sünple modification of the 

raindrop spectrograph which has been described by Bowen and Davidson (3). 

Turner determined the sodium chloride content of drops in many rain samples 

at cloud base near station 4, and it is useful here to compare his inter- 

esting observations to the raindrop salinities computed from our raindrop 

size distributions obtained at the same location. For this purpose his 

sodium chloride concentration values were converted to total sea-salt con- 

centration by multiplying by 1. 2, the approximate ratio of total salts 

in the sea to the sodium chloride present. 

On figure 2 (top) his average raindrop salinity values for 39 

samples are compared to similar values computed from the average rain and 

salt nuclei data (lo.er curves on figure 2) used in the present paper. 

The method used tc derive these latter raindrop salinities is given in 

equation (1) and is applied, for example, as follows, A nucleus, having 

a mass of approximately 2,100^^., corresponds in cumulative number 
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per cubic meter of air, to the number of 0.9 mm diameter raindrops shown 

on one of the raindrop distribution cur.es (see arrow marks near lower 

curves on fig. 2). The ratio of this nucleus mass (2.LdO-6mg) to the 

volume of a 0.9 mm raindrop (.375x10-6 liters), equals a concentration 

of 5.6 mg I'1. This drop salinity is indicated by the arrow mark beside 

the second raindrop salinity curve at the top of figure 2. The other 

computed values for raindrop salinity were similarly derived. 

It is interesting that the form of Turner's average observed 

raindrop «Unity curve and those computed from our raindrop and salt 

nuclei data is similar, despite the differences in the sampling times and 

in the methods used to derive the chloride values. The similarity of the 

actual average values of the drops to some of our computed values is per- 

haps coincidental, but the occurrence of the pronounced salinity minimum 

in both results is apparently a reflection of the average slopes and 

relative values of the cumulative raindrop and salt nuclei curves. For 

instance, if the observed cumulative average raindrop distribution curve 

represented by curve 4 (see figure 2, lower left) had actually followed 

the adjacent dashed line, then the computed raindrop salinity minimum 

would not have occurred at a drop diameter of 1.1 mm (see triangular sym- 

bols, upper diagram, fig. 2). Instead a different salinity curve would 

have occurred (see extended dashed line), with the salinity minimum fall- 

ing at a drop diameter of about 2.5 mm. As an indication of the effects 

of changing nuclei distribution, the assumption of a force 3 salt-nuclei 

curve instead of the average force U  curve (see curve A. fig. 2), simply 

.hifta the computed drop salinity curves down. The unbroken drop salin- 

ity curve on figure 2 shows the dilution effects of the reduced nucleus 
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sizes from the force 3 salt curve upon drop salt concentrations for the 

highest intensity rains. Thus the form, and, of course, the slope of the 

raindrop salinity curves is clearly dependent upon the relative slopes 

and magnitudes of the cumulative raindrop and salt-nuclei curves. Note 

that the use of a salt nuclei distribution curve represented by the dotted- 

line modification of curve B, in computing raindrop salinity, removes the 

salinity minimum from the drop salinity curve for the highest intensity 

rains (see dotted line at top of fig. 2). 

Turner's raindrop salinity curve is based upon many hours of 

sampling, during which time the rain intensity probably varied greatly. 

Had he been able to collect his rain water during short periods of time 

(i.e., in about 100 seconds) and, in each case during rains of nearly con- 

stant intensity, it is supposed that he would have obtained salinity curves 

similar to ours. Thus Turner's values for the salinity of raindrops of 

each size range, may represent an integrated quantity. Note for instance 

on figure 2 that the salinity of the 0.9 mm diameter raindrops computed 

from our curves may vary from 1.6 to 28 mg l"1, depending upon the rain 

intensity in which they are sampled. The raindrop salinity values which 

will be obtained during a prolonged sampling period in orographic rains 

at station A would seem to depend, in part at least, upon the relative fre- 

quency of occurrence of rains of different intensities. They wj.ll also 

presumably depend upon the extent to which his samples were taken in the 

first rains from the showers or in rains which were the winnowed remnants 

of showers occurring to windward of the raindrop spectrogranh sampling 

position. 

In future physical-chemical studies of rain,   it would be very 

■■■■HMMi 
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useful to combine raindrop spectrograph measurements of drop salinity, 

*ith simultaneous determinations of raindrop size distribution and of 

salt nucleus size distributions. 

Discussion and conclusions 

Clearly many more observations, such as those given on table 1 

and 2, are needed in order to thoroughly test the consistancy of the pat- 

tern of interrelationship of nuclei to raindrops which has evolved from 

the present study. Data deficiencies are especially great among the higher 

intensity rains (see table 1), and the lack of simultaniety of the rain 

and salt-nuclei observations introduces a further element of uncertainty. 

However, the authors feel that the data and ideas presented here, when con- 

sidered as a whole, are sufficiently useful to justify publication at this 

time. 

Some of the above observational deficiencies were eliminated in 

further measurements recently made (1954) in Hawaii in connection with 

the co-operative cloud physics studies of "Project Shower". These num- 

erous measurements, which will require much time to completely analyse, 

will be presented in a later more complete study of this problem. 

A rather obvious result of the present study is the emphasis 

which is given to the ünportance of detailed knowledge of the salt nuclei 

distribution in the clear air and the distribution of raindrop size and 

raindrop salinity within the clouds. It is also important to know where, 

in time, rain samples are taken in relation to the stage of development 

of the showers. In the present study an effort was made to sample the 

first and the last rains falling from shower3 moving up the mountain slope. 

The authors feel that this detailed knowledge is essential to a further 

understanding of the evolution of raindrops in the showe • rains of marine 

air masses. The techniques used here should also nrove useful in exploring 
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the role of sea-salt nuclei in the formation of raindrops in continental 

rains. 

It should be pointed out that in the analysis presented here 

the quantities of salt falling in the rains at stations 1 and k amount to 

only about 20 to k0 percent of the total salt in the air (see summary 

table 5, column J). Since, of the remaining 60 to 80 percent of the atmos- 

pheric salt, only about 6 percent falls at stations 3 and 5 (see summary 

table 6, column G), it is supnosed that the remaining salt rained-out in 

the drops falling between these stations, as the rain showers were carried 

by the wänds up the mountain from the lower to the upper stations. In a 

later publication (of "Project Shower" observations) the authors plan to 

include an analysis of the effect of wind and wind shear upon the distri- 

bution of raindrops at various locations on the mountainside. 

In the Hawaiian shower rains, rapid changes in intensity with 

time are very common, as shown on tables 1 and 2, and by Blanchard (see 

fig. 2, ref. 1). Most of this change is thought to be due to winds trans- 

porting the showers over the sampling stations. For instance the average 

clouds in the study were probably moving at about 7 meters per second up 

the mountain slope. During a sixty second interval between rain samples 

a shower-producing cloud could thus move almost one-half kilometer. The 

showers are seldom large in diameter, and in aircraft a flight of one- 

half kilometer is often sufficient to carry the observer from the misty 

peripheral regions to the relatively intense rains of the center. 

The interpratatioo of the neuartamta presented here, in terras 

of the details of the raindron-forainp processes operating in these Hawaiian 

rains, is uncertain. They Be«, however, to be clearly useful in narrowing 
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the areas of search for these "details". One can say from the present 

measurements, that a drop-forming process seems to be required which will, 

(a), involve most of the larger salt nuclei in a simultaneous growth, (b) 

cause this growth to occur, presumably very rapidly, in a manner which 

prevents marked changes in the distribution of the nuclei (or drops), 

and (c) add water to the nuclei without at the same time greatly adding 

to their salt content. 

In the present study the quantities of salt in the individual 

large salt nuclei are adequate to account for all of the salt found in 

the rains. This suggests that the drops have grown entirely by condensa- 

tion processes, or through coalescence with relatively chloride-free 

cloud droplets! If one assumes, for instance, that the 0.9 mm diameter 

raindrops (which, on rain curve 2, fig. 2, are supposed to have formed on 

2100 UM, gram salt nuclei) have grovm through coalescence with 10 ^radius 

cloud droplets, about 91,000 of these droplets would be required. Table 

7 shows amounts of salt which would be added to the initial giant (2100^ 

gram) nucleus due to coalescence with cloud droplets which have formed on 

sea-salt nuclei of various sub-micron sizes. On this table it is evident 

that the quantities of salt added through accretional growth might in some 

instances equal or greatly exceed the weight of the giant nucleus upon 

which the raindrop initially formed. The very small nuclei would, of 

course, require rather large water vapor supersaturations in the clouds 

to become activated, 

* Hawaiian clouds, which are not producing rain, have been found to 
contain from 30 to IhO  cloud droplets per cubic centimeter. 

MMMMHHHPM 
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Table 7 

Weights of sea salt added to a 0.9 mm diameter raindrop due to coal- 
escence with 10 and 20 H radius cloud droplets containing sea-salt nuclei 

of various sub-micron sizes. 

Cloud 
droplet 
size 

Cloud droplet no. 
required to form 
0.9 mm diameter 

raindrop 

10 

20 

91,000 

11,400 

,-12 Weight sea salt (10 gms.) in 0.9 dia. raindrops 
(cloud droplet no. x nucleus wt.) 

(0.5/i.) 

-12 
10 gm 

91,000 

11,400 

(0.2 ^) 

10 -1 

9,100 

1,140 

(0.1^) 

lO'^m 

910 

114 

(0.05/*) 

lo-11 

91 

11.4 

(0.02|^) 

lO^lm 

9-1 

1.1 
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Junge's work (4) indicates that most of the numerous nuclei in 

marine air which are less than about 0.8^ in radius (or< 5x10" gms., 

as shown on fig. 2) are composed largely of ammonium sulfate. If Junge 
i 

is right and if these ammonium sulfate particles are the nuclei upon which 

most of the cloud droplets form, little or no chloride would be added to 

a raindrop, formed upon a giant sea-salt nucleus, which had grown by 

coalsecence with these cloud droplets. 

Thus one cannot say, from the results of this paper, that the 

raindrops in Hawaii do or do not grow by accretion. If the nuclei smaller 

than about lO"12 grams are sea salt, then accretion would seem to be 

ruled out unless the nuclei are very small (see table 7). If they are 

ammonium sulfate, as Junge indicates, then one should find appropriate 

quantities of this compound in solution in the Hawaiian rain waters. Am- 

monium sulfate is actually found in these waters (Junge), but we cannot 

know to what extent the quantities present are appropriate to the assump- 

tion of raindrop growth by accretion because the numbers and the masses 

of the original nuclei are not yet known. 

Thus we feel that one of the important steps in future physical- 

chemical studies of raindrop formation in shower clouds is to determine 

the chemical nature and number of the majority of the individual cloud- 

droplet nuclei which are smaller than about 0.8 microns and to relate 

these particles to the solutes found in the cloud and rain waters. 

If the Hawaiian raindrops do in fact grow largely by accretion, 

the authors feel that it becomes necessary to suppose, from the results 

of the present study, that this growth occurs in turbulent volumes of air 

which nscend within clouds much as do the "bubble" parcels pictured by 
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Scorer and Ludlam (7). The conservation of the number of the larger nu- 

clei per unit volume of air, which is required in the results given here, 

seems to rule out the type of raindrop motion through the clouds which is 

pictured by ^owen (2) as being associated with accretional growth. 

I 
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