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Abstract 
Aircraft observations were made of the liquid water content and droplet spectra in the oro- 

graphic cloud of the windward (eastern) side of the Island of Hawaii and in trade wind cumuli 
offshore. The orographic cloud showed a number of remarkable features, some of which can 
be related to its mode of formation and to its general behaviour. 

I. Introduction 
During Project Shower, from October to 

December 1954, measurements were 
ma e of the liquid water content and droplet 
spectra of clouds near Hilo, the capital of the 
Island of Hawaii, the south-easternmost of 
the Hawaiian Islands (Figs. I and 2) .  Obser- 
vations were taken in trade wind cumuli over 
the sea off Hilo and in the orographic cloud 
which usually forms on the eastern slope of 
Hawaii when the trade wind blows. More 
importance was attached to the measurements 
in the orographic cloud, for the rain from it 
was being studied simultaneously by other 
participants in Project Shower. 

2. Description of the orographic cloud 
When the trade wind was fairly strong, the 

orogra hic cloud usually reached unbroken 
from 2 e coast, or a mile or so seaward of it, 
right up to the Saddle between the two 
volcanoes Mauna Kea and Mauna Loa (see 
Fig. 2). Its top coincided with the base of the 
trade wind inversion. Fairly typical examples 
of the cloud system are shown in Photos I and 
2. At the coast the top was most often around 
6,000 ft., although on one day, December 2, Fig. I. The Hawaiian Islands. 
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Photo I. The orographic cloud over the land on 6 November 1954. The photograph was taken at 1610 hours 
looking west from an altitude of 10,000 ft when the aircraft was about 10 miles west of Hilo. Mauna Loa, 
left centre; the southern slope of Mauna Kea into the Saddle is just visible on the right. The broad cloud field 
beyond the Saddle is not a part of the orographic cloud; the clear lane in the Saddle between the two cloud 

masses cannot be discerned here. 

Photo 2. The top photograph shows the seaward cloud, on 7 November 1954, looking east from a height of 
10,500 ft, when the aircraft was just over the coast at 1454 hours. The middle photograph shows the orc- 
graphic cloud, looking west towards the mountains, from the same position and at the same time. The lower 
photograph shows the clear lane in the Saddle area which on this occasion was about 2 miles wide and ran 
across from Mauna Loa to Mauna Kea without a break. The camera was facing approximately south-west when 
this photograph was taken at 1505 hours from an altitude of 10,500 ft. at a position a few miles east of the Saddle. 
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it was at 11,000 ft. At the Saddle the top was 
usually a little over 2,000 ft. above ground 
level, that is, about 8,500 ft. above sea level. 
Cloud base at the coast was equal to that of the 
seaward cumuli, which were most frequently 
based at 2,000 to 3,000 ft. The height of the 
base above sea level increased slowly at first 
as the cloud approached the mountain, until at 
some 10 miles from the coast the cloud a 
peared to touch the ground. However, OK 
servations on the ground showed that the cloud 
rarely came lower than 50 ft. anywhere on 
the mountain slo 
The cloud sheet 
of Mauna Kea 
the Mauna Kea slopes in the vicinity of the 
cinder cone Puu 00 it did not run right up 
to the mountain slope, but broke up into 
dissolving flocks a mile or short of it. 

The nature of the top surface of the oro- 
graphic cloud vaned somewhat from day to 
day. On some days, it was quite smooth in the 
coastal region, but had a bubbly appearance 
towards the Saddle. On others, there were 
small irregularities up to one to two hundred 
feet in height near the coast, with rather larger 
irregularities towards the Saddle. Sometimes 
the transition between the relatively smooth 
cloud top of the coastal region and the more 
irregular cloud top of the Saddle region was 
fairly sharp.This sharp transition, when it occur- 
red, was associated with a sudden increase in 
the slope of the cloud top towards the Saddle. 

Near the Saddle, the irregularities in the top 
surface of the cloud were commonly several 
hundred feet. In the Saddle itself, the top surface 
descended sharply at an average slope of per- 
haps one in one; its general appearance here 
was that of eva orating strato-cumulus. The 
orographic clouB terminated usually a mile or 
so west of the cinder cone Puu Huluhulu, the 
base then being IOO to 200 ft. above the ground. 
In the afternoon the western side of the Saddle 
was filled by a mass of cloud of quite different 
character. Its base was comparatively sharp at 
200 to 300 ft. above ground, and its top was 
always higher than that of the orographiccloud. 
It terminated in the Saddle in a vertical wall, 
the detailed structure of which resembled that 
seen in the sides of an active cumulus. The top 
was moderately level with irregularities of less 
than a thousand feet. Its whole appearance 
indicated that it formed in a zone of air which 

at least during the da . 
Mauna Loa, though on 
around the upper f lads  
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was rising vertically at a moderate velocity and 
it appeared to be quite turbulent. This cloud 
was absent in the morning. Between the two 
cloud masses there was always a clear lane some 
two miles wide running across the Saddle close 
to and in the direction of the line joining the 
two peaks. Sometimes this lane ran clear across 
from the upper slopes of Mauna Kea to those 
of Mauna Loa, but more often cloud bIocked 
off the end towards Mauna Loa some five 
miles south of the Saddle road. 

On most occasions two regions could be 
distinguished during flights through the 
orographic cloud. The dividing line between 
these regions was usually about half-way 
between the coast and the Saddle. In the upper 
region near the Saddle, the cloud seemed 
visually to be of very uniform consistency, 
and there was little or no turbulence. In the 
lower region the cloud, although stratiform 
when seen from above, as seen from within 
became more and more cumuliform in the 
direction of the coast and the turbulence in- 
creased. Near the coast, distinct cumuli a p  
peared with clear s aces between them, but 
their tops were stil P embedded in the strati- 
form cloud above. This change in the character 
of the cloud is indicated clearly in several of 
the liquid water content traces. 

It will be noticed that the tendency for the 
cloud to become more cumuliform and turbu- 
lent towards the coast belies the appearance of 
its top surface as described earlier. An inspection 
of the upper surface would usually have led 
one to expect a more cumuliform and turbu- 
lent region towards the Saddle, contrary to 
what was actually found during the flights 
through the cloud. 

3. Observational procedure 
On the days on which the orographic cloud 

was studied, the flight procedure consisted 
initially of a climb in clear air between the 
seaward cumuli some ten miles east of Hilo to 
a height somewhat above cloud top. During 
the climb, measurements were made of temper- 
ature and humidity. The aircraft then flew in 
towards the Saddle, often climbing on the way 
to keep above the cloud. On arrival over the 
Saddle area a sounding was made while the 
aircraft circled down to as low a height as the 
pilot considered safe. This height depended on 
the width of the clear lane and on turbulence, 
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Fig. 3. Typical flight path on a day when runs were made through the orographic cIoud at ground clearances of 
2,000 and 1,000 ft. (Actually, for the flight on 6 November 1954 between 1445 hours and 1745 hours local time.) 
The flight commenced with two runs through a small cumulus over the sea, followed by a temperature and 

humidity sounding in clear air from the sea surface to 10,000 ft. 

which was sometimes severe near the ground, 
but the ground clearance was seldom reduced 
below 500 ft. As the volcano slopes are gradual 
and uniform it seemed best to make the 
observing run through the orogra hic cloud 

from a radar altimeter. It was found possible 
to hold the ground clearance to within 100 ft. 
of the desired value most of the time. Most 
often, runs were made at 1,000 and 2,000 ft. 
above the 

they were made at 2,000, 4,000 and 6,000 ft. 
ground clearance. The aircraft track com- 
menced in the clear lane and ran through Puu 
Huluhulu to Hdo Airport. It thus y;ht 
roughly over the line of the Saddle roa 
indicated aircraft speed was held at 120 knots 
during the whole run resulting in a rate of 
descent or roughly 700 ft. per minute. At the 
completion of a run through cloud a climb 
was made in clear air off the coast and the pro- 
cedure was re eated. The flight path for a 

are shown diagrammatically in FJ. 3. 
Observations in seaward cum 1 were made 

in horizontal passes, usually at 500 ft. intervals 
of height, and in alternate directions. On most 
occasions a tern erature and humidity sounding 
was performelin the vicinity of the cloud 
being studied. 

4. Apparatus 

at constant ground clearance as B etermined 

when the c P oud was much deeper than usual 
round; on 2 December, the da 

typical run an B a typical cloud configuration 

(a) Clod droplet spectra 
The equipment used for measuring cloud 

droplet spectra has been described by SQUIRES 

and GILLESPIE (1952). This method uses a glass 
rod 3 mm in diameter which is exposed to the 
cloud outside the co-pilot’s window for about 
a thirtieth of a second. The volume of air 
sampled by the rod is about 50 cc. The rods 
were coated with a layer of soot. 

The calibration of this method will be 
described elsewhere. At the speeds used, in the 
drop diameter region d=2oo,u down to 
d = 20,u the ratio of the diameter of the hole in 
the soot layer to that of the drop is about 4, 
decreasing slowly with drop size. Below 
d=20,u, the ratio begins to decrease much 
more rapidly, reaching a value close to I at 
d=  2,u. Above d =  20p, the probable error of 
the method is about 5 % in diameter; below 
d = 15p,  the probable error appears to be about 
IS  Yo .  

(b) Liquid water content 
The instrument used for measuring cloud 

water content has been described by WARNER 
and NEWNHAM (1952). It depends for its 
o eration on the effect of moisture on the 
e P ectrical resistance of paper. A continuous 
record of liquid water content is obtained by 
measuring and recordin the electrical re- 

past a narrow slit, open to the airstream, where 
it is moistened by the cloud droplets. The 
instrument collects more than 90% of the 
liquid water for the dro size distributions 

choice of tape speed, liquid water contents 
ranging from 0.05 to 5 gm m-3 can readily be 
measured. The accuracy is considered to be of 
the order of f 20 %, and the instrument is 

sistance of a paper tape w fi ch has been moved 

encountered in Hawaiian c P ouds. By a suitable 
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THE OROGRAPHIC CLOUD OF THE ISLAND OF HAWAII 479 

a 5 12 I7 24 35 
b g 16 20 24 39 

d 5 X I  15 22 32 
e 5 11 14 18 28 
f 5 12 15 19 35 

C 12 I7 22 26 39 

capable of recording liquid water variations 
extending over a few hundred feet. Narrow 
regions of liquid water ma be detected but 

recorded, due to smoothing in the instrument 
as described by WARNER (1955). For example, 
in a cloud of average liquid water content 
I gm m-3, a peak 100 ft. across rising to 2 
m m-3 wodd generally be indicated by a peak 

Loadened to 400 ft. and of 1.4 gm m-s 
maximum value. 

their magnitude is genera i y not faithfully 

(c) Synchronization ofthe data 
The chart recorder used to record liquid 

water content was also used to obtain traces of 
pressure altitude as a function of time, and one- 
minute time marks were similarly recorded. 
In addition the time marker en could be actu- 
ated simultaneously with i e  exposure of a 
cloud droplet sampling slide. Errors of timing 
of up to three seconds arose from various 
sources. This must be borne in mind when 
the liquid water contents found from the 
droplet spectra observations are compared with 
the continuous trace of liquid water content. 

79 
89 

28 
50 
81 

153 

Table I. Cloud droplet spectra a November 1954 
See fig. 8 for positions and heights of the samples 

Symbols 
S = identification of sample: d,. d,, d,. di, d, = 

minimum, first quartile. median, third quar- 
tile and maximum droplet diameters in mi- 
crons respectively; 

= concentration of droplets em-*; 
w =  liquid water content g m-a deduced from 

spectra 
g 
h 

Orographic cloud at a ground ( 

1,000 f t .  

No droplets found 
n r ) D  

a 
b 

d 
e 
f 
g 
h 
i 

k 
1 
m 
n 

C 

j 

- 

0.9 
0.12 
0.20 ,  

5 
18 

18 
5 
5 
5 
5 
15 
9 
25 
5 

5 

I2 

21 

- 

' 

> 

I4 
31 
28 
33 

8 
7 

I1 
20 
19 
32 

29 
29 

I1 

21 

- 

17 
24 

7 
40 
56 
I35 
35 
58 
52 
20 

17 
3 
6 

21 

21 

34 
36 
36 
15 
I 0  
I1 
12 
21 
22 

34 
27 
42 
44 - 

0.38 
0.52 

0.17 
0.13 
0.05 
0.32 
0.31 
0'33 
0,3I 
0.64 
0.52 
0.19 
0.59 

0.47 

31 
37 
39 
40 
22 
I2 
I9 
29 
24 
24 
36 
39 
49 
60 - 

130 
52 
52 
45 
39 

39 
72 
28 
39 
165 
I 68 
91 

21 

I21 - 

5. Results 
(a) Cloud droplet spectra 

Tables I to 6 give the results of the measure- 
ments in the orographic cloud; tables 7 to 13 
give the results for seaward cumuli. The spectra 
are specified by giving the values of the first 
quartile, median and third quartile diameters, 
and the maximum and minimum diameters. 
In addition, the total droplet concentration and 
the liquid water content deduced from the 
s ectra are given. The maximum and minimum 
lameters are those found in a sample of 
about 30 cc of air. The minimum diameters 
are only approximate, because a rather large 
interval was used in evaluatin these broad 

This corresponds to a droplet diameter interval 
of about 3.5 microns on the average. As a 
result of the decrease in ratio of hole diameter to 

spectra, namely 14.7 microns in t ole diameter. 

Table 2. Cloud droplet spectra 6 November 1954 

See fig. g for positions and heights of those sam- 
ples which are identified by a lower case letter* 

I (for meanings, see table I) I 

Orographic cloud at a ground clearance of 
1,000 ft .  

f u 1) % 

1 

J* 
K* 9 5 1 ; I 1: 1 1; I 21 39 1 367 374 1 ::;: 

* Samples identified by upper case letters: po- 
sition of sample on liquid water trace not known. 
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A 12 26 
B 9 13 
c 18 31 
D 12 23 
E 18 21 

F 9 23 
G 5 8 
H 9 10 

I 9 9 

Table 3. Cloud droplet spectra 7 November 1954 
See fig. 11 for positions and heights of the samples I I dm 1 dl 1 dz I d3 1 d ~ u  I I re, 

28 40 
14 19 
33 36 
29 33 
28 30 
26 29 
13 I7 
11 16 
I0 I1 

65 
42 
42 
42 
55 
52 
39 

16 0.3( 
21 0.0: 

41 0.6: 
51 0.5: 
14  O.I(  

39 0.41 
74 0.4t 

a 9 19 34 67 
b 21 21 22 30 
C 9 51 59 76 
d 9 22 38 52 
e 12 44 54 64 
f 9 24 38 50 

109 2 0.16 
62 2 0.01 

IOO I 0.12 
127 4 0.26 
148 4 0.48 
159 4 0.37 35 

36 
36 
49 
20 

46 
18 
18 

40 
39 
39 
53 
52 
49 
29 
23 

27 
10 

47 
I7 
15 
40 
12 

27 
22 

14 

37 49 I 75 
I3 I 5  I45 
53 69 118 
23 47 100 

23 30 130 
46 52 106 
14 16 25 
27 34 52 
26 32 62 
16 27 32 

a 

c 

e 
f 

1 

I5  

28 

5 
25 

g 5  
h 9  

9 

b 5  

d 9  

A 

C 
D 
E 

B 

F 

I 
J 

9 10 11 12 18 121 

5 14 19 40 69 21 
5 12 16 19 68 7 

18 46 49 53 72 8 
15 28 36 53 69 4 

72 3 

9 26 27 29 42 46 

5 24 28 30 69 53 

iz :I :z I i: 39 23 

5 11 15 I9 25 67 

3 
2 
2 

3 
4 
6 
5 
8 
7 

0.19 
0.27 
0.26 
0.19 
0.33 
0.01 
0.08 
0.13 
0.01 

p. m. I (for meanings, see table I )  

fGr sampie I. I (for meanings, see table I )  

I Orographic cloud at a ground clearance of 
1.000 it. 
36 
36 
33 
39 
53 
75 
53 
52 
52 
35 
I5 
53 
23 
40 
53 
33 
31 
I5 

a 
b 

d 
e 
f 
g 
h 
i 

k 
1 
m 
n 

P 
Q 
r 

C 

j 

0 

5 
5 
5 

I8 
I8  
5 

I5 
25 
9 
5 

I8 
5 
9 
9 

18 
I8 

5 

I 2  

29 
30 

34 
46 
55 
46 
40 
43 
33 

9 
40 
I5  
32 
36 
3' 
26 

I 2  

I1 

37 
40 
52 
47 
60 
89 
55 
57 
57 
59 
I9 
63 
35 
55 
60 
36 
33 
16 

I18 
I18 
88 

142 

1 I5 

106 
130 
130 
42 

I 06 
91 

I 0 0  

I00 

I 2 1  

84 
78 
42 
28 

9 
8 
3 

16 

4 
4 

I 0  

7 
5 

I1 

3 
9 
6 
4 

I8 
37 
82 

1 

0.29 
0.26 
0.15 
0.89 
0.12 
0.28 

49 0.11 
25 I 1:: I 0.1: 

0.3~1 Table 5. Cloud droplet spectra 2 December 1954 
See fig. 12 for positions and heights of those sam- 
ples which are identified by a lower case letter* 

0.32 
S 0.05 

0.35 
0.34 
0.23 
0.27 
0.45 
0.55 
0.16 

(for meanings. see table I )  1 

Orographic cloi at a ground clearance of 

I5 
I8 

I 8  
21 

I2 
2 1  
I2  

5 

28 

31 
33 
42 
I9 
42 
I4 
I 2  

55 
52 
59 
69 

130 
62 

130 
84 - 

24 
16 

5 
5 

I3  
9 
3 

I0 

- 

0.58 
0.41 
0.32 
0.33 
0.35 
0.73 
0.16 
0.07 - 

a t  a ground clea ince of 4.000 ft. 
0.26 

Same cloc 
28 
I2 

45 
62 
25 
28 
35 
I5 

9 
5 
9 

I 2  

57 
63 
64 

114 
33 
58 
70 
67 
51 
48 
48 
40 

ts fo 

a 
b 

d 
e 
f 
g 
h 
i 

k 
1 
m 
n 

P 

C 

j 

0 

3 
2 
2 
1 

3 
3 
3 
5 
3 

13 
24 

2 

46 50 
26 47 
54 61 
79 93 
27 29 
48 52 
48 51 
37 51 
30 39 
20 30 
16 28 
I 9  27 
NO droF 

0.35 
0.33 
0.50 
0.34 
0.31 
0.39 
0.59 
0.43 
0.14 
0.39 
0.57 

Table 4. Cloud droplet spectra 30 November 1954 

I (for meanings, see table I)  

Orographic cloud at a ground clearance of 
2,000 ft. Heights of samples range from 8,500 
f t  for sample A to 4,400 f t  for Sample J. 

0.11 
0.62 
0.38 
0.02 

0.44 
0.20 
0.16 
0.19 
0.55 
0.27 

these two samples were taken just offshore after the liquid 
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Table 6. Cloud droplet spectra 3 December 1954 
See fig. 13 for positions and heights of those Sam- 
ples which are identifiied by a lower case letter* 

s I d.,, I di I 4 I aa I d M  I f l  I UJ 

(for meanings, see table I) 

Orographic cloud at a eround clearance of 

I I I I I dnr I I UJ 

(for meanings, see table I) 

Height (f t ) :  4,750 
No droplets found 

a 
b 
c 
d 
e 

g 

15 
18 
18 
15 

f 5  
5 

I7 
31 
32 
26 
14 
20 
12 

20 27 45 
33 37 65 
47 72 I45 
28 32 49 
18 22 68 
24 26 35 
14 16 18 

I1 

5 
3 

56 
15 
57 
49 

o.oE 
0.1: 
0.93 
0.75 
0.11 

0.44 
0.0; 

a 9 
b 5 

d g 
e 12 
f 12 

g 12 
h 28 
i 18 
J* g 
K* 5 

C I2 

27 32 38 124 I3 0.75 
25 33 52 168 2 0.63 

15 18 19 112 14 0.20 
35 63 76 124 5 0.68 
35 52 59 130 10 0.86 
25 46 69 88 2 0.17 
38 45 52 115 3 0.17 
28 33 38 62 6 0.15 
15 18 21 32 43 0.17 
I I  14 17 42 33 0.10 

24 28 33 159 9 0.30 

" 

a 
b 

d 
e 

C 

A* 
B* 
C* 
D* 
E* 
F* 

A* 
B* 
C* 
D* 
E* 
F* 

21 

14 
24 
23 
23 
16 

25 
16 
31 
28 
28 
20 

34 
18 
39 
37 
34 
2 5  

52 
35 
55 
59 
49 
19 

28 
42 

5 

0.46 

0.57 
1.40 
0.25 

0.11 

0.01 

Table 8. Cloud droplet spectra 2 November 1954 
No corresponding figure shown 

Small seaward cumulus subsiding during sampling 

1 s I d ,  I di I do I da I I f l  I W 1 
Table 7. Cloud droplet spectra 23 October 1954 
See fig. 15 for positions of those samples which 

are identified bv a lower case letter* 

(for meanings, see table I)  

Height (ft): 2,500 
0.08 
0.64 
0.36 
0.19 
0.34 
0.09 

I 
- 

Successive passses tdrough a moderate seaward 
cumulus at various levels 

C 

(for meanings, see table I) 

I 'Table 9. Cloud droplet spectra 6 November 1954 Height (ft): 3,250 
19 2 0  28 93 0.34 

b 

d 18 

I5 I i; I 19 I 21 I 28 I 44 I 0.18 
C No droplets found 

Height (ft): 4.250 
No droplets found 

See fig. 16a for positions of the samples 

I (for meanings, see table I) 1 
Small seaward cumulus. 1 

Height 
9 11 

17 18 
16 17 
17 18 
17 18 
17 18 
18 20 

:): 1,800 
13 PI 
19 28 
I9  35 
19 21 
I9  32 
19 28 
22 28 

63 
43 
55 

133 
117 
74 
82 

0.05 
0.14 
0.18 
0.45 
0.44 
0.25 
0.38 

* Samples identified by upper case letters: po- 
sition of sample on liquid water trace not known. 
Tellur IX (1957). 4 
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I4 
10 
11 
8 

10 

17 
13 
15 

14 
I1 

19 
16 
18 
15 
I8 

28 
32 
25 
21 
28 a 

b 

d 
c 

e 
f 
?, 

15 24 27 31 32 1 2 2  
g 16 21 27 32 94 

I5 25 27 29 35 75 
21 25 27 29 35 87 
15 23 25 28 35 80 
5 I3 18 23 39 52 
9 I7 21 25 35 24 

21 
21 
2 2  

25 
2 0  

19 

25 
25 
28 

22 

26 29 49 
25 28 62 
26 32 45 
28 30 49 
26 31 42 
23 28 42 
27 31 35 
28 31 39 
29 31 42 
31 34 42 

A 

D 

F 
G 
H 
1 
J 

12 

B 9  
c 9  

18 
E 9  

12 
12 
12 

I5 
15 

66 
79 
58 
82 
71 

121 

57 
128 
62 

164 

o.6t 
0.74 
0.71 
1.oc 
0.71 
2.14 
0.62 
1 . 5 ~  
0.75 
2.65 

A 
B 
c 
D 
E 
F 
G 

15 30 35 40 62 24 0.62 
5 6 14 21 32 g 0.03 

18 41 48 52 72 6 0.41 

15 23 28 32 42 36 0.46 
5 g 12 15 25 66 0.09 

28 33 35 38 59 12 0.35 

18 34 37 42 84 I4 0.53 

s ( d  1 d l I d * [ d 8 I d , I  n I w 

(for meanings, see table I) 

Small seaward cumuli. 
Height (ft): 4,000 

A* 16 18 171 0.31 

24 
23 
26 
I5 
21 

25 
23 
9 

28 32 39 
27 30 39 
29 32 39 
23 28 39 
26 29 39 
29 32 42 
26 27 42 
16 25 35 

(for meanings, see table I )  I 
Small seaward cumuli 

Height (ft):  5,000 
No droplets found 

n Y n 

Similar cumulus with some light rain. 
Height (ft): 1,800 

h No droplets found 

73 
26 
57 

82 
12 

0.2c 
0.01 

0 . 1 4  

0.01 
0.1t 

Similar cumulus with some lieht rain. I 
0.34 
0.57 
0.30 
0.94 
0.72 
0.24 
0.16 

0.17 
0.471 
1.10 - 

Small seaward cumuli. 
Height (ft): 6,000 
No droplets found 

:: 1 :I: I :; 1 2 1 :; 
No droplets found 
H H  u 

Table 10. Cloud droplet spectra 7 November 1954 

No corresponding figure shown 
Moderate seaward cumulus (fairly turbulent, 
with light rain towards end of run). Liquid 

water trace not shown. 

(for meanings. see table I )  I 

Table 12. Cloud droplet spectra I December 1954 
See fig. 17 for positions of those samples which 

are identified by a lower case letter* 

(for meanings, see table I )  1 

5 

15 
9 

1 2  
I2 
I2 

I2  

5 

'07 
20 
20 

'4 
10 
2 0  

5 
13 

1.29 
0.20 

I 0.25 
0.11 
0.10 
0.26 
0.06 

* Samples identified by an upper case letter: po- 
sition of sample on liquid water trace not known. 
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0.09 
0.50 
0.37 
0.04 

0.16 

0.23 
0.23 

0.21 

0.10 

0.28 
0.61 
0.78 

0.16 
0-43 
0.32 
0.27 
0.56 
0.07 
0.09 
0.39 
0.07 
0.25 
0.62 
0.29 
0.09 
0.08 
0.11 
0.02 
0.14 
0.35 
0.14 
0.29 

0.20 

(for meanings, see table I )  I 

12 
24 

. 26 
I5 
26 
20 

19 
20 

24 

I5 23 35 
28 31 42 
29 32 42 
I9 23 32 
29 32 42 
24 28 39 
26 29 35 
23 28 35 
27 39 39 

a 
b 

d 
e 
f 
G* 
H* 

C 

1 

I* 
K *  
t 
M* 
n 
0' 
P* 

r 
S* 
T* 

V* 
w* 

Q* 

U 

X 

i 
j 
k 
1 
m 
n 
0 

4 

9 
I2 
I 2  
9 
I2 
I2 
15 
I5 
I5 
9 
5 

I2 
5 
I2 
I5 
9 
I5 
5 
9 
5 
5 
9 
9 

I2 

5 
15 
I5 
5 
12 
12 

P 9  
I2 

12 

a 12 16 19 
B* g 14 16 
C 9 I5 I7 
d 5 14 16 
e g 14 15 
f 5 10 12 

Sevc 
He 
I4 
21 
20 
18 
20 
21 
19 
I9 
19 
I7 
I7 
I9 

15 
I9 
I5 
I7 

I7 

I 0  

I1 

I0 
I2 
I4 
'4 
'7 

22 28 115 0.46 
18 39 74 0.18 
19 32 34 0.10 
18 39 29 0.07 
16 21 188 0.32 
15 28 20 0.02 

11 sr 
ht  ( 
16 
24 
22 
22 
23 
24 
22 
22 
22 
18 
18 
21 
I2 
I7 

18 
18 
16 
18 
13 
16 
I7 
'7 
I9 

21 

I1 cumuli. 
: 3,800 
18 
25 
25 
26 
25 
26 
24 
25 
25 

19 
24 
I3 
I9 
23 
23 

18 
I9 
16 

20 

20 

20 
21 

19 
21 

21 

32 
32 
32 
32 
35 
28 
32 
32 
28 
25 
28 
25 
25 
35 
35 
32 
25 
25 

35 
42 
25 
28 

21 

24 
42 
27 
8 
16 
'7 

27 
I1 

21 

I3  
88 
72 
34 
25 
60 
59 

95 

32 
73 
55 
83 

69 
24 
32 
37 
I4 
50 

53 
81 

48 

21 

I20 

I01 

Table 13. Cloud droplet spectra 3 December 1954 
No corresponding figure shown 

(for meanings, see table I )  

Several small seaward cumuli, bases 3.000 ft; 

Height (ft): 3.900 
tops 4.00-4.500 ft. 

A 
B I : I :: 1 :: 1 i: I z: I 2: 1 :::; 
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(for meanings, see table I) 

25 I99 0.70 
28 42 0.15 
25 52 0.26 
55 108 0.80 
32 81 0.54 
52 51 0.17 

droplet diameter with decreasing drop diam- 
eter, the interval of droplet diameter be- 
comes slightly larger at very small sizes. As a 
result, the smallest droplets are all grouped in 
the interval 3.1 p < d < 7.1 p. When, therefore, 
droplets in t h i s  lowest range were observed, 
the minimum diameter is quoted as sp. 

In the tables the samples are identified by a 
letter. Lower case letters indicate that there is 
a corresponding point plotted on the liquid 
water content trace, identified by the same 
letter in Figs. 7 to 17 inclusive. Upper case 
letters indicate the contrary - either because 
the liquid water content trace is not shown, 
or because the position on the trace corre- 
sponding to the sample is not known. In these 
tables, as elsewhere, the heights quoted are 
those read from a pressure altimeter set to 
29.92 inches. 

(b) Liquid water content 

Tracings of the records produced by the 
liquid water content meter during the flights 
through the orographic cloud are shown in 
Fi s. 7 to 14 inclusive. A scale showing the 
c a! ibration of the instrument for a collection 
efficiency of 1.0 is su erimposed on each record. 

each one-minute interval on the trace repre- 
senting pressure altitude. 

In the case of the measurements in seaward 
cumuli, tracings of the water content records 
have been provided only on the occasions on 
which simultaneous measurements are avail- 
able of droplet spectra. These tracings are 
shown in Figs. 15, 16, and 17. The values of 
the maximum observed water content recorded 
as a function of height have been plotted in 
Fig. 4 for the cases in which representative 
measurements are available throughout the 
depth of the cloud. 

Values of pressure a f titude are usually given at 
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l0,OOO r 
I- 

0 

+Cloud Base 

2000h ' 0:2 0-4 I & ' 0 8  
Liquid Wdter (g/m3) 

( 4  

3000? Cloud BdsC 

0.1 0.2 0.3 0.4 0.5 0.6 
20m0 

Liquid Water (g/m3) 

(4 

6. Discussion 

(a) Cloud droplet spectra 
The most strdcing feature of the spectra is 

the extraordinarily low droplet concentrations 
which occur in the orographic cloud on some 
occasions, in particular on the very rainy day 
December 2. As these low concentrations are 
not associated with low liquid water contents, 
it follows, as tables I to 6 show, that the average 
drop size was big on these occasions. November 
6 differs quite noticeably from the other days 
in this respect. A slight tendency appears for 
the droplet concentrations to increase towards 
the coastal end of the orographic cloud. The 
seaward cumuli had rather larger concentra- 
tions. In this respect they resemble clouds of 
similar size observed off the east coast of 
Australia. 

Some of these points are illustrated in Fig. 

80001 

4000* 2000 0 Cloud Base 1.0 

2.0 
Liquid Wdter (g/m3) 

(b) 

Fig. 4. Peak liquid water content during each passage 
through cloud plotted as a function of height for three 
typical seaward cumuli. (a) Observations made on  14 
October 1954 between 1430 and Isoo hours. Initially 
there was no  rain present in the cloud but on the last run 
through the cloud just above the base a small area of 
rain was encountered. (b) Measurements made on 23 
October 1954. (See also Fig. IS.) (c) Observations made 
between 1430 and 1500 hours on  2 November 1954. N o  
rain was observed in this cloud during the observation 

nor in any of the surrounding seaward clouds. 

5 ,  which shows hstograms of the distribution 
of droplet concentration in steps of ten droplets 
per cc for each pass through the orographic 
cloud and for the seaward cloud on any one 
day. 

These features of the droplet spectra can be 
related to the rate of cooling associated with 
the various clouds. The orographic cloud forms 
in air which is climbing up the volcano slopes 
with an average vertical speed of the order of 
10 cm sec-'-corresponding to a horizontal 
wind speed of 2 m sec-'. At this low vertical 
speed it is not surprising therefore that its 
spectra typically show larger and fewer 
droplets than the seaward cumuli. It has been 
remarked earlier that the coastal part of the 
orographic cloud tended to be cumuliform, 
in contrast to the stratiform cloud towards the 
Saddle; this agrees with the slight tendency 
which appears for the droplet concentrations 
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(a) Orographic Clouds 

Docc cEp::e Droplet concentration per cc 

(b) SeaWard Clouds 

Height Droplet concentration per cc 

0 Type ((1.) 
4 (11.) 0 100 200 3 0 0  

MOOERATE 3200, 
Oct. 23 CUMULUS 6200 

Nov. 2 1000 ’ m ! ,  
Nov. 6 2000 ‘ l h b ,  
Nov. 6 1000 2 ’ 1 0 q  

NOV. 7 2000 ‘%-, 

5 
SMALL 1800. 
CUMULI 2400 

Now 26 

Now= 2 0 0 0  

Nov.30 1000 

4 

2 

Dec. I 

MODERATE 4 0 0 0 , 3  
CUMULI 7 0 0 0  

I2 

SMALL 3200. 
CUMULI 5600 

Dec 3 2000 ’&L, 
SMALL 
CUMULI 3900 2u a? q 

5 

Dec. 3 1000 

Fig. 5 .  Histograms of the droplet concentrations found in (a) orographic clouds, and (b) seaward clouds. Interval 
of concentration = 10 per cc. The vertical scale (number of occurrences) is given by the number entered at the 
upper left hand corner of each histogram. Under (b) seaward clouds, the column labelled “Height (ft)” in- 

dicates the limits between which observationse wer made. 

to increase near the coast. On the exceptional 
day, November 6, when the orographic cloud 
had a micro-structure very similar to offshore 

cumulus, the liquid water content trace shows 
that the cloud was more cellular and presum- 
ably therefore more convective than usual. 
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NOVELIUER b 

11640 I I 1 I 11645 1 I 1 I 11b50 

,1711 , I I ,1730 , I I ,173s 
TIMES { 

I I I 
w YKW, 2Ooo 

I I 1 
Hxx) 4060 aooo 

I 
5 10 I S  2 0  as 30 

I HEIGHT OF TERRAIN 

DISTANCE (AmOX) 1 

DECEMBER a 

I I 11640 I 1 1 1 ,1649 I c ,1135 , I )740 , I I ,1145 , TIMES 

I I 
4000 Jooo 

I I I b& 4000 1Ooo 

HEIGHT OF TERRAIN 

DISTANCE (APPROXJ I I I I . 1 1 
0 5 10 15 zp 25 30 

DECEMBER 3 

# I S 4 0  1 1 L I 1154s I 1 1 I 11550 

J b W  , I I I ,1b3S I I I L tb40 TIMES { 
I 

W O O  
I 

4000 
I I 

4000  2 0 0 0  

I I 1 1 
S K: 1s 2 0  1 5  30 

c HEIGHT OF TERRAIN 

DISTANCE APPROX ( )A 
Fig. 6. Liquid water content traces on successive runs through the orographic cloud on each of three days. 
The first run is indicated by a heavy line and is superimposed on that for the succeeding run, indicated by a 
light line, in such a way that the best fit of the cellular structure is obtained. The time scales corresponding to 
the liquid water traces are given below them. The corresponding heights of the terrain beneath the aircraft 
are shown in the next two lines. The same convention of thick and thin lines is adhered to in both these cases. From 
the relative shift of the cloud cells and the time interval between runs the velocity of movement can be deduced. 

The unusual micro-structure of the oro- roduce rain u n d  they reached a depth of at 
graphic cloud is no doubt related to the fact East 6,000 ft. Many observations on non- 
that although its depth is small, ranging from freezing maritime cumuli off the east coast of 
about 2,000 ft. near the Saddle to about 5,000 Australia indicate that these clouds too in 
ft. on the coast on most occasions, it neverthe- general need to be about 6,000 ft. deep in 
less produces significant amounts of rain. In order to produce rain. 
contrast, the seaward cumuli did not seem to It will be seen from the tables that, even 

Tellus IX (1957). 4 



487 T H E  O R O G R A P H I C  C L O U D  OF T H E  I S L A N D  O F  H A W A I I  

RUN I 2OOOFT. MOVE TfRRAlN 

3 
Q 2 0 -  . 
t 
g 10- a " D E  

'1 
t 

170) 1710 1715 0 -  
TIME I I I I I I I I I I 

RUN 1 lo00 FT. ADOVE TERRAIN 

26 OCTOBER, 1954 

Fig. 7. Liquid water content traces through the orographic cloud at ground clearances of 2,000 and 1,000 ft 
on 26 October 1954. The smooth curve gives the aircraft altitude. By the time of the second run the cloud in the 
Saddle area had become much thinner and the clear lane greater in length. Droplet samples were ngt obtained on 

this fight. 

...I xi : t  q-j klm n 
cawLEr 
SAMPLS 

WN 1 1- CT A w l  T€RRAl# 

2 NOVEMBER, I954 

Fig. 8. Liquid water content trace through the orographic cloud at a ground clearance of 1,000 ft o n . 2  
November 1954. The lettered dots refer to cloud droplet samples (see table I). The figures on the altitude trace 
represent the aircraft altitude at one-minute intervals. Light rain began at sample j and continued down to 

just beyond cloud base at 2,500 ft. 

when the average drop size is quite large, 
there are still small drops present. The oro- 
graphic cloud is characterized by a very wide 
droplet spectrum; it contains in adchion to 
the drop sizes which were found in the sea- 
ward cumuli, an extended range of much 
larger drops. 
Tellus IX (1957), 4 

(b) Liquid water content 
The most distinctive feature of the records 

is the indication of the cellular nature of the 
orographic cloud particularly towards its sea- 
ward edge. The water content in the oro- 
graphic cloud seldom rose above I gm m-3 
unless there was rain in the cloud. Thus on 
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, 1 I I .... .... 
D b c d  e l  g h 

* 
W N  a loo0 fl AmOVC TEhll.111 

& NOVEMBER, 1954 

Fig. 9. Liquid water content traces through the orographic cloud at ground clearances of z,ooo and 1,000 ft on 6 
November 1954. Top of cloud near the coast was bubbly with height variations of about zoo ft. There was a 
distinct trough in the cloud top 6 or 7 miles inland from Hilo running on a bearing I S O ~ - ~ ~ O ~ .  By the time the 
second crossing of the coast was made, about an hour later, the trough in the cloud tops had moved inland 

by 4 or 5 miles. 

RLW, loo0 I, .no"€ 1111\.1)1 
7 NOVEMBER. 1954 (om.) 

Fig. 10. Liquid water content trace through the orographic cloud at a ground clearance of 1,000 ft on the 
morning of 7 November 1954. The cloud tops were rather irregular in height and the orographic cloud in the 
Saddle area was very broken up with the ground frequently visible through it. West of the Saddle area cloud 

was just commencing to build. Droplet samples were not obtained on this flight. 

December 2, when heavy rain was falling, the 
water content rose to a maximum of 4 gm m-3. 
This value of course includes the rainwater 
content, or that part of it contained in the 
smaller drop size ranges, since some of the 
larger drops may be lost due to splashing. 
There does not appear to be any sim le 
relationship between water content and eit I? er 
ground clearance or altitude. 

An attempt was made to trace the move- 
ment of individual cloud cells between suc- 
cessive runs through the cloud. This met with 
some success, particularly in the case of the 
flights on December 2. Fig. 6 shows the result 

of superimposing the water content records 
for successive runs on each of three days after 
shifting the traces to obtain the best fit from 
one curve to the next. From the known time 
interval between runs, and the observed shift, 
rate of upslope drift of the cloud cells can be 
deduced. The values obtained were 4.5, 5 and 
2.5 knots for November 6, December 2 and 
December 3 respectively. The corresponding 
Ehlo rawindsonde velocities were 5-6, 5-10 
and 3-5 knots. 

The values of liquid water found in the 
seaward cumuli were similar to those experi- 
enced in cumuli observed near the eastern 
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91T' 
8.0 7 

. .  . . . . . .  
O D  c d .  T q h  

nwz 2- c i  AWE T E U ~ A ~ N  

7 NOVEMBER, 1954(pm) 

Fig. 11. Liquid water content traces through the orographic cloud at ground clearances of 1,000 ft and 2,000 ft 
on the afternoon of 7 November 1954. The orographic cloud was quite flat-topped in appearance except near 
the Saddle where it was cumuliform, with the ground visible through clear patches. A clear lane 2 miles wide 
extended right across between the two mountain peaks. (See Photo 2.) Light rain was observed in the cloud all 

the way down at 1,000 ft ground clearance, heaviest at the coastal end of the run. 

. . . .  . .  
a b e d  . f  9 

................ 
a b c  d a l q h  I j k l  m n o p  

""I * mo .L A e n '  11.11" 

. . . . .  .... i f q h l  o b  c d s  
nu* I mC.0 *I ..0.s rc*euu 

2 DECEMBER. 1954 

Fig. 12. Liquid water content traces through the orographic cloud at ground clearances of 6,000, 4,000 and 
2.000 ft on 2 December 1954. The orographic cloud was deeper than usual with its tops rising to 11,000 ft. The 
cloud edge in the Saddle was seen to be raining lightly and rain was encountered on all runs. On the 4,000-ft 

run the rain was heavy between I644 y2 hours and 1645 hours. 
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- 
1.0- 

. 0 . .  .... 
0 b C d e f 9 h  7 

1000 f l  LDWL ILll l l&lN RUN 1 

3 DECEMBER. 1954 

Fig. 13.  Liquid water content traces through the orographic cloud at ground clearances of 2,000 and 1,000 ft 
on 3 December 1954, The cloud edge in the Saddle was not raining and very Iittle rain was encountered through- 

out the cloud. 

nuN a trm FI *.WE TLRRLIN 

3 DECEMBER. 1954 

Fig. 14. Liquid water content trace for a run through the orographic cloud at a ground clearance of 1,200 ft on 
3 December 1954. Droplet samples were not obtained on this run. 

Australian coast. The variation of water con- 
tent with height, and the ratio between the 
measured and adiabatic values of liquid water 
content, were also similar. 

If the liquid water content values deduced 
from the dro spectra are compared with corre- 

records it will be seen that there is only general 
agreement. There is certainly no consistent 
difference. Thus it appears that there are 
fluctuations in the cIoud in most places which 
are too rapid for the water content meter to 
follow. MALKUS et al. (1948) found evidence 
of such very rapid changes in cloud. Another 
factor is that the spectra have been limited to 
the re ion d < 200 p, whch is the conventional 
bountary between cloud drops and drizzle. 
On a number of exposed rods, traces were 

sponding va P ues on the water content meter 

found corresponding to larger drops, but 
none in numbers sufficient to be statistically 
representative. Nevertheless, drops of these 
very large sizes seemed at times to contribute 
quite substantially to the total liquid water. 

7. Conclusion 
The seaward cumuli were similar in liquid 

water content, spatial distribution of water, 
micro-structure and degree of collodial in- 
stability to non-freezing maritime cumuli 
observed off the east coast of Australia. 

The orographic cloud averaged 4,000 to 
5,000 ft. in depth at the coast, decreasing to 
about 2,000 ft. at the Saddle on most occasions. 
The upper surface of the cloud rather resembled 
that of strato-cumulus. Observed from within, 
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T l Y l  1411 

T l Y l  

Y*.LI 

U U C T I Q  
YTITUOC 

nA Q w *  ,111 0 a 0 .  b c  .I. I I S 0  

a WN ,750 I T  

5750 I T  

- bO 
I _  

=-0 

- 
- 0  

- 1'0 

a -  : - 0.s 
.'- 

!- 
L O  

-¶d 

'-0 

*a50 IT .  

t I U W  nn Iy 

I J  OCTOECR. I054 

Fig. IS .  Liquid water content traces through an isolated growing cumulus 10 miles off Cape Kumukahi on 23 
October 1954. The passes were made alternately east to west and west to east. The cloud was elongated north 
and south; the southern end was raining from the beginning, but the northern end, where the observations 
were taken, was not at first. Within 10 minutes however rain was encountered over a portion of each pass. Cloud 
base was at 2,200 ft and the top, which was enveloped in a stratus canopy, was estimated to be at 9,500 ft at the 

completion of the operation. (See also Fig. 4 (b).) 
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m 

5 - 4 5  
a -  RUN I f i- 3 -  4 

- 0 .  
I517 1511 1519 

TIHE 

'hl 7 
1800 FT 

SAMPLE :t:;: 7; 
ALTITUDE 

I 5 2 1  1528 I519 
TIME 

SAMPLE 

ALTITUDE 1 4 0 0  FT 

. .... 0. *. * 
o bc4r 19 h l  J 

RUN I 

sImm.s 
U T I T M  

C 
.OOQ l T  

- - 1.0 - -  
RUN 3 j" 

- 
-0 

I*). ,605 we T l Y C  '"3 . .. . . . . .. 
SIHPLC obc d a t  g h i  
l L T l T W I  W O O  FT 

@I 26 NWEMBER, 1954 

Fig. 16. Liquid water content traces. (a) 6 November 1954. Runs through four small cumuli off Hilo, bases 80 
ft, tops about 6,000 ft. The first cumulus observed at the 1,800 f t  level was not raining, the second had light rain 
in it; the first cumulus observed at 2,400 f t  had just started to rain onto the sea and light rain was falling 
from the second. (b) 26 November 1954. Runs through a number of small non-raining cumuli off Hilo; bases 
3,600 ft, tops usually 7,500 f t  but occasionally to 9,000 ft. N o  rain was experienced in the clouds sampled and 

only a few of the bigger clouds over the sea were raining. 
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A L T I T U D E  3 1 0 0  F T  I DECEMBER, 1954 

Fig. 17. Liquid water content traces for passes through a number of small cumuli off Hilo on I December 1954. 
Bases 2,500 ft, tops 6,500 ft except for the last run at 3,200 f t  when the top was at 3,500 ft. Rain was en- 

countered for brief periods at 1530 y2 hours and at 1536 hours. 

it consisted of two distinct zones; on the upper 
slopes it was stratiform; near the coast it 
showed a cellular, cumuliform structure. The 
transition was fairly sharp, and usually occurred 

a little more than half way up the slope from 
Hilo to the Saddle. 

The total liquid water content (cloud and 
rain) was nearly always well below I gm m-3, 
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except in heavy rain. The cellular structure 
shown in the liquid water content traces some- 
times persisted recognizably for periods of 
about an hour, and when this happened, the 
speed of upslope movement of the cloud 
masses derived from the traces obtained on 
successive runs agreed reasonably well with 
the upper wind observations. 

The micro-structure of the orographic cloud 
showed fewer and larger drops than were found 
in seaward cumuli; this can be explained in 
terms of the slow lifting of the air mass up the 

volcano slopes, and in turn it seems llkely that 
it ex lains the remarkably fine but dense rain 
whic ph falls from ths cloud, and the ability of 
the orographc cloud to produce rain, although 
it is relatively shallow. 
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