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Abstract 
The discovery of large sea-salt particles at cloud levels led to the hypothesis that these particles 

act as nuclei on which raindrops initially form within clouds and to the suggestion that the 
amount of rainfall on an oceanic island might be a function of the number of the salt particles 
in the air. Exploratory observations of rain and airborne salt in Hawaii, which were intended 
to test this suggestion, are presented and discussed. These observations do not prove that greater 
numbers of salt nuclei are related to greater amounts of rain. They do, however, indicate that 
such a relationship may exist, and that additional field studies should be made which utilize 
the pertinent results of the present study. 

Introduction 

articles at 
cloud heights (WOODCOCK, 19527 and the 
recent theoretical indications of the possible 
role of large particles in the growth of rain- 
drops by accretion (BOWEN, 1950; LANGMUIR, 
1948; LUDLAM, 1951), caused us to suppose 
that the amount of rainfall from warm clouds 
might be related to the quantity of salt in the 
air. The physical basis for this supposition lies 
in the computations of the accretional growth 
of droplets made by LANGMUIR (1948). These 
com utations show that large cloud drops 
shoud grow more rapid than do smaller 
drops while falling throug a cloud of much 
more numerous and smaller cloud droplets. 
The amount of water removed accretionally 
from clouds by drops falling through them 
might be expected, therefore, to be a function 

The presence of large sea-salt 
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of the initial size of these drops and of 
the number, other relevant quantities being 
equal. 

It seems most probable that the initially 
largest cloud drops form on the largest sea- 
salt nuclei, as indicated in the laboratory stud 

nuclei which was made by KEITH and ARONS 
(1954). Hence, it was thought that the amount 
of rain fallin at a dominantly marine location 
might be re Ig ated to the number of large salt 
nuclei in the air. 

Ideas such as those sketched above led to the 
present study of the salt aerosols and the 
rainfall in Hawaii. It was felt that Hawaii 
would be a favorable marine location to test 
the rain-salt hypothesis, since the northeast 
trade-wind inversion tends to limit the 
vertical development of the clouds, producing 
more uniform cloud heights (RIEHL, YEH, 
MALKUS, LASEUR, 1951). A further factor in 
the selection of Hawaii for this study was the 
fact that U.S. Weather Bureau problems of 
forecasting shower rains had suggested that 
physical factors other than those routinely 
considered might be involved in the rain- 
forming processes (ANON, 1950). 

of the condensational growth rates of sea-sa i t 
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Numerous measurements of the quantity of 
salt nuclei in the air were made from aircraft 
over the sea on the windward side of the 
island of Oahu. An attempt is made here to 
relate this quantity of salt, which was usually 
sampled once a day, to the total amount of 
rain which fell on the island during each 
twenty-four hour period. These and other 
observations are presented in Table I and are 
discussed in sections I, 2, 3, and 4 below. 

Other properties of the air, such as mixing 
ratio, wind shear, instability, etc., whch  are 
potentially related to rainfall, are discussed 
britfly in sections 4 and 5 ,  though they are 
not used directly in this exploratory study. 
These additional data are included in Table I 
so that other workers may examine their 
relevancy to the problem. 

I. Airbone salt particles 
The salt particles impinged upon and 

adhered to small glass sampling slides which 
were exposed to the atmosphere from aircraft. 
The slides were then taken to the laboratory, 
where particle diameters and numbers were 
determined with a microscope and at a con- 
trolled relative humidity of 90 %. At this 
relativc humidity all salt nuclei were droplets, 

Fig. I .  Example of isohye- 
tal maps used in deriving 
the total rain amounts 
shown on table I, col- 
umn 2. Rainfall amounts 
shown here arc given in 
inchcs. 

and the weights of salt in the individual 
droplets were computed from the droplet 
diameters. The detailed description of the 
techniques used to sample and measure the 
minute atmospheric salt particles has already 
been published and will not be discussed further 
in the present paper (WOODCOCK, GIFFORD, 

On each flight an attempt was made to 
obtain the salt-nuclei samples at an altitude 
which was about one-hundred meters less than 
the altitude of the bases of the scattered local 
cumulus clouds but not necessarily under these 
clouds. The sampling position was over the 
sea and several ndes up-wind (NE) of the 
island of Oahu (see Fig. I). The air around and 
below the bases of the clouds had a higher 
water vapor and salt particle content than was 
found at greater altitudes in the cloud layer. It 
is supposed here that it is this lower air and 
its salt aerosols whch flows into and forms 
the clouds. Thus the attempt here is to relate the 
quantities of the large salt aerosols present in 
the subcloud layer of air to the rain which 
subsequently falls from the clouds as the trade 
winds pass over the island. 

Columns 3 and 4 of Table I show the salt 
amounts sampled on fifty-two flights, which 

1949; WOODCOCK, 1952). 

Tellus VII (1955), 3 
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TABLE I 

Observations arranged in chronological order 
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I 2 3 4 5 6 7 8 9 10 - 
dixing 
ratio 
near 

:loud- 
base 
alti- 
tudes 

cmlkg 

11 12 I3 14 

Dat: Total 
daily 

rainfall 

unit= 
I 0' ma - 

0.4 
0.8 

1.4 
2.6 
0.8 
1.9 
3.7 

0.8 

0.3 
0.5 
2.7 
2.3 
1.5 
6.0 

3.5 
9.9 
0.6 

trace 

1.1 

0. I 

11.0 

8.7 

6.7 
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3.5 
0.6 
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3.2 
1.9 
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1.1 
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6.0 

0. I 
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umbel 
1-1 of 

air 

. I Z O X  
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4.7 

13.5 
5.3 

18.6 
8.7 
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6. I 
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3.2 
1.5 

3.7 
2.7 
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11.3 
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18.0 

I .o 

12.1 
25.9 

23.3 
47.0 
19.3 

0.3 
2.9 

11.7 

28.3 

10.3 

1.5 

9.5 
16.9 
7.5 
9.0 

9.9 
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15.8 
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8.9 
5.1 

43 
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nuclei 
reight 
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air 

init= 
:o- g - 

1.1 

1.4 

1.8 
6.0 
3.4 
5.0 
3.6 

6.3 

2.0 

0.4 

0.4 
1.0 

1.2 
1.0 

0.3 

1.5 
8. I 

16.4 
13.0 

4.9 
16.2 

13.2 
31.0 

13.7 

3.8 

0. I 

0.7 
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11.2 

4.2 

0.5 
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6.5 
2.3 
4.1 

3.7 
3.3 
6. I 
5.3 
3.2 

1.3 

2.0 

Wind 
shear 
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1,830 
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2.0 

4.3 

5.3 
3.0 
6.0 
2.6 

3.2 
4.3 
3.0 
2.7 
3.4 

4.3 

4.0 
5.6 

3.8 
3.8 
3.5 
4.2 
4.3 
4.7 
8.2 
9.7 

4.7 

5.3 

4.6 

3.1 

4.2 

8.5 

4.6 

- 

2.1  

4.0 
6.8 
5.0 
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3.3 
4.6 
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3.5 
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- 

- 
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11.3 
8.2 
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3.1 
2.1  
2 . 1  
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4.6 
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11.8 
8.2 

10.3 

9.8 
12.9 

17.0 
15.9 

13.9 
2.6 

7.7 

6.7 
12.9 

12.9 

6.7 
9.8 

5.7 
6.3 
9.8 
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11.3 
11.3 
11.3 
5.7 
8.2 
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- 
3 
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5 
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4.5 
4.5 
4.5 
4 
3 
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3 

3.5 
4 
3 
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3.5 
6 
7 
7 
5 
6 
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7 
6 

I 
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3 

4.5 
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3.5 
4 

4 
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4 
4.5 
4 
3.5 

3.5 

Av. 
wind 
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.ion a t  
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levels 

true - 
57 
74 

79 
71 
62 
70 
71 
65 
63 
74 
78 
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83 
61 
65 
88 

86 
89 
89 
95 
99 
83 
90 
77 
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64 

85 

74 

49 
86 

77 
55 
78 
80 

90 
80 
73 
75 
81 
46 
88 

lixing 
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iir a t  
52.5 
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.adio- 
ionde) 
:m/kg 
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atio in 
Aouds 
t 1.52: 

m 

W k g  

nsta- 
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:loud- 
ase-to 
nver- 
sion 
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ime 01 
sam- 
P W  
lights 

LCT 

Mini- 
mum 
loud- 
base 
titudi 

m 

loud-base 
to-inver- 
sion dis- 

tance 

m 

I 700 
I550 
1360* 
1920 
I550 
I 260 
I370 
I 160 
1130 

I 400 
> 3000* 

2710* 
2850 

> 30001 

> 30002 
> 3000* 

305 
2130 
2090 

2330* 
730* 

I I 0 0  

2 2 2 0  

425* 

I 830 

> 3000* 

975 
1620 

> 3000' 

I 700 

2200* 

1130 

1830 
I980 
2440 
1190 
1630 
I 720 
1620 
1920 
I740 
2160 

13.0 
13.9 
13.0 
12.8 
13.0 
13.6 
14.1 
13.6 
13.5 
13.7 
14.9 
14.5 
12.2 
12.2 
11.2 
11.3 

15.6 
14.4 
13.2 
8.1 

12.0 
12.5 

10.6 
10.9 

13.0 

13.8 

8.7 
10.9 

11.5 

10.4 

13.7 
12.6 

12.8 
11.6 
14.0 

13.2 
13.9 
15.0 
13.5 
13.0 
12.8 

13.7 - 

7.8 
8.2 

7.3 
7.1 
8.8 
9.1 
9.7 
9.6 

10.4 
10.8 
9.0 
7.2 

7.2 
6.5 
8.0 
8.5 

10.3 
9.5 
8.3 
6.0 

8.7 
10.5 

5.2 
3.3 

9.4 
8. I 

6.4 
8.8 

7.3 
8.2 

9.0 
6.8 

8.7 
9.2 
9.7 

7.2 
7.7 
7.8 
8.1 

10.6 
9.9 

8.9 - 

12.1 
12.5 

12.3 
12.3 
13.0 
13.2 
12.8 
12.3 
12.5 
13.4 
13.5 
13.2 

11.5 
11.7 
11.4 

13.5 
12.4 
11.3 

11.5 

12.0 

10.2 

12.0 

11.1 

10.5 

11.7 

11.0 

10.5 

11.5 
11.0 

10.6 

11.8 

12.3 

11.9 
12.5 
13.0 

12.5 
13.0 
12.7 
13.1 
13.4 
12.9 

12.2 

- 

1.42 
I .67 

0.58 
1.55 
1.42 
I .03 

1.16 
0.84 
0.65 
0.90 

1.35 

0.77 

1.22 

- 

1.22 

- 

- 
- 

0.13 
0.19 

0.90 
0.90 

0.06 

0.39 

2 .12  

- 

0.32 

1.10 
- 

1.22 

I .68 

1.29 

0.84 
2.38 
2.38 

1.42 
1.35 
1.35 
0.97 
0.97 
0.97 
2.00 

I 3  
I4 

I4  

I4 

I5 

11 

I 0  

I 0  
I1 
I4 

08 

I4 

12 

I 1  
I0 

I4 
09 
09 
I1 
I 0  

I4 
I5 
I 0  
1 0  

I1 

I4 

I5 

'4 

I4 
I1 

I5 

'4 
1-11 
0-11 

0-11 

0-11 

-11 
0-11 

0-11 

-11 
0-11 

0-11 

640 

655 
580 
550 
560 
460 
510 
610 
640 
510 
460 

700 
560 
400 
855 

335 
460 
580 

610 

940 
610 
655 

870 
790 

510 

510 

5 80 

790 

685 

460 

640 
610 
700 
245 
610 
530 
440 
520 
670 
610 

550 

790 

- 

4 J u n  5 
5 Jun 5 

11 Jun 5 
12 Jun 5 
13 Jun 5 
14 Jun 5 
15 Jun  5 
16 Jun 5 
17 Jun 5 
18 Jun 5 
19 Jun 5 
20 Jun 5 

26Dec 5 
27 Dec 5 
28Dec 5 
29Dec 5 

2 Jan 5 
3 Jan 5 
4 J a n  5 
5 Jan 5 
8 J a n  5 
9 Jan 5 

11 Jan 5 
12 Jan 5 

~ o F e b  5 
15 Feb 5 

20Feb j 

25 Feb 5 

~ o M a r  5 
22 Apr 5 

21 May 5 

30May 5 
16 Jun 5 
17 Jun 5 
18 Jun 5 

25 Jun 5 
26 Jun 5 
27 Jun 5 
28 Jun 5 
29 Jun 5 
30 Jun 5 

I JuI 5 

* No temperature inversion observed on these days. 

Tellur VII (1955). 3 ' 
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Fig. 2 .  Comparison of air temperatures observed from 
the salt-nuclei-sampling aircraft near cloud-base altitudes 
(see sampling area on fig. I), with Honolulu radiosonde 
temperatures on the same day and at comparable altitudes. 

were made on forty-two dfferent days during 
1951 and 1952. The quantities in these columns 
are limited to salt particles larger than 1.2 x 
x I O - ~ O  grams. This limitation is due entirely 

to the fact that on many of the sampling days, 
and as a labor-saving step, only the larger 
nuclei on the sides were counted. 

2. Total rrzinfall measurements on Oahcr 
Daily readings of many rain gages, scattered 

over the windward and central portions of the 
island, were used in drawing isoheytal maps 
for each of the forty-two days on which salt 
sampling flights were made. An example of 
these maps is shown in Figure I. The rain 
data were assembled and the rain maps drawn 
by the second author, quite independently of 
the salt-nuclei-sampling activities of the first 
author. 

Column 2 in Table I shows the values for 
total rainfall on Oahu, which were derived 
by planimeter-area measurements on the 
isoheytal maps. For instance the total rainfall 
obtained from the map shown in Figure I is 
6 x 106 metric tons, a value derived by sum- 
ming the products of the areas and the average 
rainfall amounts in each isohyetal contour. 
The rain amounts indicated in Table I were, in 
each case, collected in the time interval from 
0800 LCT of one day to 0800 LCT of the 
following day. The date of the Hawaiian rain 
records is that of the day when the gages were 
read. In using these records here, however, it 
should be noted that the date of the preceding 
day is used; that is, the date when the salt- 
nuclei sample was taken. Thus the rainfall 

amount of 6 x 106 metric tons taken from the 
isoheytal map for 19 June 1952 (see Fig. I), is 
listed in Table I as occurring on 18 June 1952. 

3 .  Inversion altitude and clorrd-base-to-iriversiori 

In deriving the cloud-base-to-inversion dis- 
tance, the minimum cloud-base altitude meas- 
urements (column IS) were used to mark the 
point where cloud temperatures would depart 
from the dry- lapse rate curve: of the Honolulu 
soundings. Ths is illustrated in Figure 3 .  The 
point at which t h s  cloud-lapse curve, or wet 
adiabat, intersects the dry bulb temperature 
line on the chart is taken as the altitude of the 
cloud tops. Cloud-base-to-inversion distance 
(column 5 )  is, therefore, simply the altitude 
of this intersection point minus cloud-base 
altitude, and is thought to represent roughly 
the maximum size of the clouds to be expected. 

Inversion altitudes were taken from the 
Honolulu rahosonde records, using the sound- 
ings showing the maximum inversion altitudes 
observed at 0500 LCT. For example, the 

distance 

(C) 
Fig. 3 .  Pseudo-adiabatic chart of Honolulu radiosonde 
record ( I  sooZ, 26 February 1952) illustrating derivation 
of the cloud-base-to-inversion distances and thc instability 
areas shown on table I ,  coluinns 5 and 13. The circled X 
marks a tempcrature and prrssure observed on the same 

day from aircraft over the windward sea. 
Telluc \’I1 (1933). 3 
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20th value in column 5, Table I is based upon 
the radiosonde record of 0500 LCT on 6 
January 1952, whereas the 20th rain record 
(column 2)  is for the period 0800 LCT, 5 
January 1952 to 0800 on the 6th. If the osoo 
sounding of January 5 had revealed a higher 
inversion, then this sounding would have been 
used in deriving the value in column 5. The 
reason for this selection of the higher inversion 
altitude measured at the 0500 soundings is 
discussed below. 

The 1700 LCT radiosonde temperature 
records were not used here because of the 
marked evidence on many days of loca\ 
heating over the island whch extended up to 
cloud heights, as shown in Figure 2, B. Thus 
it is thought that the 0500 soundings more 
nearly represent conditions over the sea and 
over the windward parts of the island where 
most of the rain falls. 

On those days when no temperature inver- 
sion occurred, the cloud wet-lapse line usually 
intersected the radiosonde temperature line in 
a near-isothermal region. In Table I, column 
5, the asterisks mark the days when the in- 
version was not present. On six of these days 
the altitude of the intersection of the lapse rate 
lines exceeded 3,000 m. In column 5 the 
cloud-base-to-inversion distances for these six 
days are given as > 3,000 m. 

The reason for selecting minimum cloud 
base altitude and maximum inversion altitudes 
for deriving the daily cloud-base-to-inversion 
distances, was the thought that these conditions 
would favor cloud growth, and that rain 
occurring during each 24 hour period would 
be most likely to occur during the periods of 
greatest potential vertical extent of the clouds. 
These distances are, however, somewhat 
uncertain, due to the question of how many 
hours any observed inversion or cloud base 
altitude may persist. This question is discussed 
in some detail later. 

In deriving cloud-base-to-inversion distances, 
possible effects of the diurnal variation of 
inversion height (LEOPOLD, 1948) are mini- 
mized by the consistent use of the 0500 LCT 
soundings3. 

t 
2 5  do 2 9  3 2  * .  

2 7  I 
* I  

One exception to this rule was made on January I I, 
1952, when a 1900 LCT sounding was used. This sound- 
ing, made one hour after sunset, showed none of the 
diurnal heating indications evident in most of the 1700 
LCT soundings. 
Tellur VII (1955). 3 
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Fig. 4. Total daily amounts of rainfall on Oaho, expressed 
in units of 1 0 3  metric tons, related to  the numbers of salt 
nuclei in  the air and to  the cloud-base-to-inversion 

distances. See text for further discussion. 

4. Winds and cloud-base altitudes 
The wind force at the sea surface was judged 

from the aircraft during sampling flights and is 
largely based upon the number, size and 
appearance of the white caps (breaking waves). 
The average winds at 915, 1,220, 1,525, and 
1,830 meters altitude, were taken from the 
six-hourly records of the U.S. Weather Bureau 
at the Honolulu Airport. These wind velocities 
are given in columns 7 and 9, Table I. 

The cloud-base altitudes shown in column 
IS ,  Table I, were measured from the airplane 
during a period of about one hour. 

5. Wind shear, stability and mixing ratios 
Among the various factors tendmg to reduce 

cloud growth and rain formation, the amount 
of shear present in the air through which the 
clouds must develop was thought to be 
important (MALKUS, SCORER, 1955). Other 
factors, such as the instability of the clear air 
in the cloud layer and the hfference in mixing 
ratios are given in Table I, columns 6, 10, 11, 
12, and 13. Though these quantities are not 
used in the present paper, they are included 
here so that the reader may examine their 
relevance to the problem. 

6. Relating rainfall to cloud-bnsc-to-inversiov dis- 

Assuming that cloud-base-to-inversion dis- 
tance and the number of salt particles might 
be the major factors causing variations in total 

:ance and to salt particle number 
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Fig. 5 .  Number of salt particles near cloud-basc-alti- 
tudes, related to the average wind speed at altitudes 
between 900 and 1800 meters. (See WOODCOCK, 1943, 
for more detailed indication of dependence of salt nuclei 

upon wind). 

rain amount, these three variables were plotted 
as shown in Figure 44. 

The dashed lines on this figure are intended 
as an aid to the eye in roughly separating the 
values of rain amount into those less than two, 
those between two and four, and those greater 
than four. The units of rain amount equal 106 
metric tons. 

The most seriously divergent exceptions to 
the isoheytal pattern suggestcd by the dashed 
lines in Figure 4 are the rainfall amounts 

The only data excluded from Figurc 4 are those 
obtaincd on the five days when winds a t  cloud levels 
averaged less than 5 m sec-' (see column 7, Table I).  
The reason for this exclusion is that low wind conditions 
favor a marked development of convective activity over 
the island during the daylight hours, thus making it very 
unlikely that the cloud-base-to-inversion distances, 
derived from the 050 radiosonde temperature record, 

during the day. 
The rainfall amounts on four of the six days when the 

cloud-base-to-inversion distance exceeded 3,000 meters, 
are simply plotted slightly above the maximum ordinate 
value (3,000 m) given in Figure 4. 

will represent the ma 5 imum cloud heights developed 

which are enclosed in circles. These observa- 
tions will be discussed later. At the present 
time it is sufficient to point out that, with the 
above exceptions, the data in Figure 4 may 
be interpreted as indicating a crude quantitative 
relationship of the rainfall to the other variables 
on about two-thirds of the gra h. For instance, 

inversion distance and of salt-nuclei number 
are generally attended by increased rainfall 
amounts, with a faint suggestion of an opti- 
mum rain amount in the middle range of 
nuclei number. On  the right-hand portion of 
the figure the data are too sparse to justify an 
extension of the dashed isohyetal lines. 

note that increased values o P cloud-base-to- 

7. Relating rainfall to cloud-base-to-inversion dis- 

As shown in Figure 5 and in an earlier 
paper (WOODCOCK, 1953), the number of salt 
particles tends, however, to increase as the 
winds become stronger. Thus one might 
reasonably ask to what extent wind speed may 
contribute to rainfall. As a first test of the 
possible relationship of wind to rainfall, wind 
speed at cloud levels (see Table I, column 7) 
was substituted for salt-particle number on a 
diagram similar to Figure 4. The resulting 
distribution of values for rain amount is shown 
in Figure 6, and is clearly considerably less 
systematic than the distribution shown in 
Figure 4. Does this mean that wind has less 
effect upon rain in Hawaii than do the salt 
nuclei? 
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Fig. 6. Repetition of Figure 4, substituting wind speed at 
cloud levels for numbers of salt particles. 
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In many of the previous studies of Hawaiian 
rainfall it has been pointed out that it is 
reasonable to expect increased rainfall with 
stronger winds, since these winds transport 
more moist air over the mountains. The 
amount of water vapor moving over the 
island daily should be nearly a linear funcion 
of wind speed, other factors remaining constant. 
Assuming that rainfall also might be a linear 
function of wind speed, the rainfall values 
plotted in Figure 4 were divided by the ratios 
of the observed wind speeds to the minimum 
wind speed of 5 m sec-l. By this device it 
was hoped to subtract wind effects on rainfall 
from ossible salt-nuclei effects. The resulting 

It is interesting that the general pattern of 
distribution of rain amount shown in Figure 
4 is still evident in Figure 7. In other words, 
increased values of cloud-base-to-inversion 
distance and of salt-nuclei number are still 
generally attended by increased rainfall 
amounts. Does this mean that the remaining 
pattern of change in rain amount with different 
values for salt-nuclei number is due to the 
effects of salt nuclei on rainfall? 

modi P led rain amounts are shown in Figure 7. 

8. Discussion 
The above questions cannot be answered at 

this time. The salt aerosols from the sea 
probably add still another variable to the 
already complex problem of Hawaiian rainfall. 
The contribution of wind to the daily rainfall 
in Hawaii remains unknown (STIDD, 1954 b) 
and there is at the present time little justifi- 
cation for assuming that rainfall might (or 
might not) be a simple linear function of wind 
speed, as was done in producing the "modi- 
fied rain amounts'' given in Figure 7. Further 
more detailed measurements are needed. The 
primary usefulness of the present study is that 
it further excites the curiosity about the role 
of salt nuclei in rain formation and it leads 
reasonably to pertinent suggestions about 
where, when and how future measurements 
should be made in an attempt to separate the 
wind and/or salt-aerosol contributions to 
rainfali. 

In thinking about the possible significance 
of the distribution of values shown in Figure 
4, it is well to remember that the twent -four 
hour rainfall amounts represent an i s ladwide  
Tellus VII (1953). 3 
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Fig. 7. The quotient of the total daily rain amounts and 
a function of wind speed, related to the number of salt 
nuclei in the air and to the cloud-base-to-inversion dis- 

tances. See text for further discussion. 

integration, whereas the values for number of 
salt particles and for cloud-base-to-inversion 
distances were usually taken from measure- 
ments obtained only once or twice a day and 
during relatively short periods of time. The 
proportion of each of the twenty-four hour 
periods during which these later values 
actually existed in the air over the island is of 
course unknown. 

Changes in inversion height of as much as 
1,000 m within a few hours have been indicated 
by LEOPOLD (1948), and are occasionally 
evident in the Honolulu radiosonde records 
used in the present study. These changes will, 
of course, add uncertainty to the ordinate 
values in Figure 4, since these values are derived 
from the radiosonde records as described in 
section 3 .  

The usefulness of the cloud-base-to-in- 
version distances as a measure of cloud thick- 
ness and rainfall otential, probably depends 

existed on the various sampling days. There is 
no adequate information about the hours of 
duration of any specific cloud-base-to-in- 
version distance, nor of the extent to which 
this duration is comparable from one sampling 
day to the next. In the absence of this informa- 
tion, further discussion of this point does not 
seem to be useful. It should be remarked, 
however, that Figures 4 and 7 suggest strongly 
that the cloud-base-to-inversion distances de- 
termined on the various days are related to the 

upon the length o P time these distances actually 
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Thus it is evident that the two important 
quantities cloud-base-to-inversion distance and 
salt-nuclei number can be far from constant 
during a twenty-four hour period. It is thought 
that this lack of constancy may account for 
some of the observations which differ widely 
from the proposed pattern (see circled values 
of Figures 4 and 7). In view of the variability 
of the above quantities, it is rather surprising 
that there is any pattern in the distribution of 
the values in these figures. The suggestion of 
a pattern, despite the above variability, may 
be due to a real relationship between the 
quantities involved. 

It is clear that numerous observations are 
needed throughout each twenty-four hour 
period in order to properly test the reality of 
the rainfall pattern suggested by Figures 4 and 
7. At this early exploratory stage of this study, 
it does not seem fruitful to speculate about the 
meaning of this precipitation pattern and what 
it may imply about the rain-forming mech- 
anism. 

No consideration is given to the probable 
change in the slope of the cloud temperature- 
lapse line which would result from mixing of 
the cloud air with the environmental air during 
ascent. (Note on Fig. 3 that a wet lapse rate is 
assumed in the clouds.) This mixing would 
tend to decrease the cloud-to temperature and, 

number in the cloud layer (see Figure 8), would 
also cause a reduction of the number of salt 
nuclei in the cloud. The omission of considera- 
tion of these variables here is due to the 
impression that their effect upon the rainfall 
amounts is of secondary importance in this 
preliminary study. 

SOLOT (1950) and others have pointed out 
that wind speed determines the rate of moisture 
flow over the islands of Hawaii, and thus may 
directly affect rainfall intensity. STIDD (1954 a) 
has recently found evidence of a correlation of 
rainfall with the pressure over certain areas of 
the North Pacific and he suggests that this 
correlation is due to the influence of stronger 
trade winds in increasing rainfall. The fact that 
the number of salt nuclei in the air increases 
with increasing winds, poses a problem con- 
cerning the detailed nature of the effects of 
wind on rainfall. To what extent is the rainfall 
due to the amount of moist air or clouds 
flowing over the mountains and to what 

as is evident from the gra b: ent of salt-nuclei 
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Fig. 8. An example of the decrease, with altitude, in 
the numbers of salt particles in Hawaii. Approximate 
position 21' 30'N.  157O4o'W; Time 1300 LCT, 3 0  
May 1952. Surface wind 80 deg. force 4 to 5 .  Note that 
the region of cloud development is one of rapid decrease 
with height in the numbers of the larger nuclei. (The 
lines are drawn between the observed values as an aid 
to the eye in following the trends of the various observcd 

distributions.) 

rainfall. This result is thought to indicate that 
the durations of these &stances are, on the 
average, sufficient to markedly influence the 
rainfall during each twenty-four hour period. 

The amount of airborne salt also varies 
considerably during short periods of time. On  
ten of the days represented in Table I and 
Figures 4, 6, and 7, counts of salt nuclei were 
obtained at 1000 and 1600 hours, instead of 
the usual single observation per day. An 
average of these salt-particle counts is used in 
Figures 4 and 7. The ratios of the maximum 
to the minimum of these two values for salt- 
nuclei number averaged 1.56. On  each of the 
remaining 27 days, when only one observation 
was made, the nuclei content of the air may 
have varied an equal or greater amount. 
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extent is it due to the quantities of potential 
raindrop-forming nuclei which are in this air? 

The salt nuclei show a persistent pattern of 
relationship to rain amount which is not 
revealed by wind speed and rain amount 
(compare Figures 4 and 7 to Figure 6). This 
apparent relationship of nuclei to rainfall may 
not be due, however, to quantitative effects of 
the number and size of salt particles upon the 
number and size of raindrops. It is possible 
that the determination of the number of the 
large salt nuclei in the air is a better measure 
of the 24 hour average wind speed over the sea 
and the mountains than are the Honolulu 
winds-aloft measurements. If this is true then 
Figures 4 and 7 may be interpreted as reflecting 
the wind effects upon total rainfall. The authors 
consider, however, that at the present stage of 
the study, these figures are clear evidence that 
salt nuclei will have to be considered in future 
studies of the Hawaiian rainfall problem. 

Detailed short period studies, made during 
or immediately after rapid changes in wind 
speed, may supply an answer to this problem. 
It is expected that the changes in the quantities 
of airborne salt at cloud levels will be found 
to lag behnd the changes of wind speed, due 
to the time requirements for the upward 
diffusion of the salt particles in the case of 
increased wind, or for their sedimentation when 
the wind is reduced. The duration of this time 
lag is uncertain, however. If the lag proves to 
be long enough, perhaps of several hours 
duration, it may be possible to answer the 
question of the contribution of salt nuclei to 
rain amount through the use of hourly meas- 
urements. 

Most of the shower rains whch occur on 
Oahu are produced by cumulus clouds which 
are immersed in and drifting with the trade- 
wind stream. Many, if not most, of these 
clouds are formed before arriving over the 
island, and from some of them rain is falling 
as they approach the island from over the 
windward sea. This rain often continues to 
fall as the clouds pass over the windward 
beaches and move inland to the mountains. 
The time these clouds remain over the island 
is thus a function of wind speed at cloud 
altitudes. 

One effect of greater cloud speed is of 
course to increase the number of clouds passing 
over the island in a given twenty-four hour 
Tellus VII (1955). 3 

period. If orographic lifting of clouds and of 
the ambient air accounts for the increased 
rainfall in the mountain areas, and this seems 
to be generally accepted (see LEOPOLD, 1948; 
SOLOT, 1950; STIDD, 1954 b), then the greater 
the number of clouds streaming over the 
island in a day the greater the chances of 
rain formation. That presupposes, of course, 
that other rainforming factors are equal. 

However, since it is assumed that the 
Hawaiian shower rains are formed by accre- 
tional and/or condensational growth processes, 
which may be critically time-dependent, it is 
possible that high winds may move the clouds 
off the mountain areas before the rain-forming 
processes, which bring about the rain excess in 
these areas, have time to proceed to completion. 
In this case one might expect a tendency 
towards a reduction of rain amount as winds 
exceed some optimum speed. This speed may 
be regarded as one which will cause a maxi- 
mum number of clouds to be lifted ovcr a 
mountain area withm a given time, the dura- 
tion of the lifted state being sufficient for a 
completion of the accretional and/or conden- 
sational growth processes. The rainfall and 
other data given here are not sufficiently 
numerous throughout the range of values 
given to indicate an optimum wind speed. 

The authors are inclined to think that the 
increased rain amount which falls from the 
clouds behind the crest of the Koolau Mountain 
Range (see Figure I and HALSTEAD, LEOPOLD, 
1948) is due in large part to the modification, 
over the mountains, of shower clouds which 
form over the windward sea and drift down 
upon the island in the trade-wind stream. 

The night maximum of rain on Oahu, 
which has been noted by LEOPOLD (1948) and 
others, may be due to the night maximum of 
cloudiness over the sea noted by RIEHL (1947). 
Thus a night maximum of rainfall does not 
necessarily suggest a night maximum of nuclei 
or wind speed, as might be supposed from the 
present study. 

YEH and others (1951) have suggested that 
wind direction will affect the rainfall on 
Oahu, due to the fact that the flow is some- 
times parallel to the mountain ridges and 
sometimes normal. As can be seen in column 
9, Table I, and in Figure I, most of the wind 
directions were nearly normal to the long axis 
of the Koolau Range. This relative constancy 
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of the wind has caused us to ignore direction 
as one of the variables possibly affecting rainfall 
in this series of days. 

A N D  W .  A. M O R D Y  

Remarks about further study 

In order to make a further test of the relation- 
ship of salt particles and/or wind to Hawaiian 
rainfall,' it seems to be necessary to make 
additional measurements from aircraft. These 
measurements should be made over the sea, 
many kilometers upwind from the high- 
rainfall area on Oahu, and should include as 
many of the variables as ossible. Four or 
more flights a day would be c f  esirable, es ecially 
after a time of rapid change in winlspeed. 

An increase in the number of recording rain 
gages along the Koolau Range would add to 
the accuracy of the isoheytal maps. As shown 
in Figure I, there are rather large areas in the 
high-rainfall regions of the mountain range 
where there are no gages. This relative sparsity 
of gages in this region adds a considerable 
uncertainty to the drawing of the isohyetal 
lines and hence to the total rainfall values 
derived from the maps. Errors due to this 

uncertainty add another factor to be considered 
in the evaluation of Figures 4, 5 ,  and 7. 

If further study confirms the general pattern 
of rainfall distribution sug ested on Figures 4 

measurements used in deriving this pattern 
will arise, and it will also become necessary 
to seek an explanation of the result in terms of 
the detailed mechanics of raindrop formation. 
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