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ABSTRACT 

A program of aerosol and cloud droplet measurements in stratus clouds was carried 
out during the summer of 1968 in the hills south of Sen Francisco. Size distributions 
were determined with a Royco light-scattering particle counter, a condensation nuclei 
counter, and a settling tunnel. Two six-stage cascade impactors were used to collect 
samples for sulfur-compound and chloride analysis. The size distribution data showed 
a mode in the submicron size range. Secondary modes occurred at  radii of about 6 to 8 p 
in developed clouds and at  somewhat smaller sizes during periods of cloud dissipation. 
The aerosol below the cloud did not show the secondary mode at  the larger sizes. The 
location of the secondary mode is consistent with some of the distributions calculated 
from theory, but the observed concentrations of about 1 droplet per cc per p of radius 
at  the secondary mode are substantially less than calculated. One possible reason involves 
the mixed chemical composition of the nuclei; another is the high cooling rates used 
for the calculations. The observations show organic material to be present and a nonuni- 
formity in the distribution of sulfur compounds and chlorides over the droplet spectrum. 
The average ratio of sulfur to chloride varies from about 4 for T = 0.2 p to about 0.4 for 
r = 2 p to about 1.3 for r = 4 p .  The results of some other studies of fog and stratus drop- 
lets are also reviewed briefly. 

Introduction 

During the summer of 1968, a series of mea- 
surements of droplet parameters and nuclei 
chemistry were made in stratus clouds found 
in the hills south of San Francisco. Stratus 
clouds occur frequently during the summer here, 
and suitable sampling locations are reasonably 
accessible. The combination of upwelling in the 
coastal waters and the inversion associated with 
the Pacific high pressure area causes the fre- 
quent summertime occurrence of stratus in the 
marine air just below the inversion. The winds 
are almost invariably from the westerly quad- 
rand during the summer so the stratus is ad- 
vected to the hills, over a narrow coastal area 
that is generally free of pollution sources. The 
degree to which the stratus penetrates depends 
largely on the heating of the hills and of the 
interior lands. 

One of the decided advantages of ground 
sampling is that it is possible to remain in the 
cloud for longer periods than is generally fea- 
sible for aircraft sampling. The other problems 
that are avoided by ground sampling include 
limitations in size andweight of the instrumenta- 

tion and in the design of inlet tubing that will 
not discriminate against certain droplet sizes. 
On the other hand, ground-based sampling 
sacrifices the ability to move into the heart of 
the cloud and, to some extent, freedom from 
urban pollution sources. 

Sampling instrumentation and procedures 

The objectives of the program were to  obtain 
cloud drop size distributions and measurements 
of variations in chemical constituents with 
droplet size. The sizes of interest ranged from 
submicron to tens of microns. Three different 
instruments were used to cover different parts 
of this range. The largest droplets with radii 
from about 8 to about 40 p were measured with 
a “settling tunnel”. This device is 122 cm long. 
Air is drawn through the 15.3-cm wide by 
0.7-cm high entrance at a rate of 56.6 1 min-I; 
the linear speed is 88 cm sec-’. Droplets fall to 
the bottom of the tunnel as the air progresses 
through the length of the device. The droplets 
mark magnesium oxide coated microscope slides 
(see May, 1950, for a description of the method 
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of preparation) set flush with the bottom surface 
of the tunnel. If the flow is laminar and the 
droplets are uniformly dispersed upon entry 
into the tunnel, the droplet size distribution 
can be calculated from the number of droplet 
marks per unit area a t  different distances from 
the tunnel entrance. For droplets that follow 
Stoke’s law the relevant equation is: 

where: 

f(r,) is average number of droplets of radius rm 
per unit volume and per unit interval of 
radius, 

is the maximum radius of the droplets de- 
posited at some given distance from the 
tunnel entrance, 

p is the viscosity of the air, 
T is length of the sampling period, 
g is acceleration of gravity, 
e is droplet density, 
N 

r, 

is the number of droplets per unit area 
deposited at the distance corresponding 
to r,. 

The maximum deposited radius, r,, is related 
to distance from the tunnel entrance, L, by 

where: 

h is the height of the tunnel. 
is the linear speed of the air through the tunnel, 

The derivation of this equation is closely re- 
lated to that for determining the size distrbu- 
tions from deposition rates a t  the bottom of a 
closed chamber (see, e.g., Cadle, 1955, pp. 204- 
8). Size distributions were calculated from Eqs. 
(1) and (2) using finite differences between the 
numbers of droplets per square millimeter de- 
posited at different distances from the tunnel 
entrance. The distances generally used were 
2.5, 5, 10, 20, 41, 81, and 102 cm. Photomicro- 
graphs were made of the droplet marks in the 
magnesium oxide a t  these distances and then 
the marks were counted. 

For low wind speeds, settling tunnel sampling 
was nearly isokinetic. However, wind speed 
was often greater than 5 m sec-I, so we might 
expect some biasing of the sample. Green& 
Lane (1957) give data that indicate that the 
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concentrations of the largest droplets measured 
may be as much as 50 percent too high for the 
sampling arrangement used. For the smaller 
sizes measured, the effect would be smaller, 
around 10 percent. The decline in actual droplet 
frequency may be somewhat more rapid with 
increasing size than our data indicate. 

Air leaving the rear of the settling tunnel 
entered two Andersen cascade impactors (An- 
dersen, 1958) through ports in the bottom of the 
tunnel. These six-stage samplers fractionated 
the remaining aerosol according to particle size 
so that differences in chemical composition 
could be studied as a function of particle or 
droplet radius. Because the tunnel removed 
some of the particles of sizes collected by the 
Andersen samplers, the collections on each stage 
had to be corrected for the tunnel losses in order 
to obtain accurate estimates of the concentra- 
tions found in the original aerosol. 

For cascade impactor data reduction, the 
tunnel was considered as another stage preced- 
ing the first stage of the impactor. The tunnel’s 
cutoff radius was taken to be 4.6 p, the radius 
a t  which the tunnel is 50 percent efficient. 
The Andersen sampler calibrations used are 
from Flesh et al. (1967). The effective cutoff 
radii for the stages were taken to be the 50 
percent collection radii as discussed by Ludwig 
(1968). The material not collected by the An- 
dersen samplers was caught on glass fiber filters 
at the impactor outlets. A pump pulled air 
through the tunnel, the impactors, and the 
filters. 

A Royco particle counter, Model PC 200A 
(Royco Instruments, Menlo Park, Calif.), was 
used to determine the size distribution of par- 
ticles, including droplets with radii between 
0.34 and 6.9 p. This instrument determines 
particle size from the amount of white light 
scattered a t  an angle of 90 degrees to the in- 
cident beam. There are shortcomings to such 
techniques (Whitby & Vomela, 1967; Hodkin- 
son & Greenfield, 1965). First, the resolution of 
the instrument is not as good as the fifteen 
available size classes would indicate (Preining, 
1968), but this is not considered to be a serious 
drawback for the use described here, where 
averages were sometimes taken over several 
hours during periods of changing concentration 
and where the other instruments used in the 
program had comparable resolution. In addi- 
tion, Whitby & Vomela (1967) have found the 
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Royco counter to be sensitive to surface irre- 
gularities and shape variations, particularly for 
the larger sizes. However, in cloud studies the 
larger sizes are almost certain to be droplets 
and therefore regular in shape and surface. 

The particle size indicated by the Royco 
counter depends to some extent on the particle’s 
index of refraction (Hodkinson & Greenfield, 
1965). The size categories assigned the channels 
by the manufacturer are approriate to a refrac- 
tive index of 1.6. For measurements made in 
clouds and a t  high humidites, a refractive in- 
dex of 1.33 (equal to that of water) would seem 
to be a better choice. Using the Hodkinson- 
Greenfield curves, and the assumption that 
0 . 5 ~  is the average wavelength of the white 
light used in the instrument, the channel inter- 
vals have been corrected to values corresponding 
to a refractive index of 1.33. 

The inlet to the Royco is vertical, about 20 cm 
high and 2 mm inside diameter. About halfway 
between the inlet and the optical counting cell, 
there is a small chamber into which clean air 
can be introduced to dilute aerosols of high 
concentration. No dilution was necessary during 
this program. The flow rate through the instru- 
ment was 300 cmS min-’. The number of partic- 
les in each channel was not determined simul- 
taneously for all channels, but each channel 
was monitored for one minute out of fifteen. 

The fragility of fog droplets is well known. 
The possibility of evaporation or condensation 
during passage through the Royco instrument 
could be a serious problem. To minimize such 
effects the top of the instrument was removed 
to allow amibient air to circulate freely about 
the inlet tube so that it would remain a t  very 
nearly the environmental temperature. As was 
noted above, the sampled air was undiluted, so 
that no humidity change was introduced via 
this route. In  the absence of independent size 
measurements the data themselves provide good 
evidence that there were no substantial changes 
in droplet size during passage through the in- 
strument. The data from three different instru- 
ments, the Royco, the settling tunnel, and the 
condensation nuclei counter, f i t  together with 
very little discontinuity. There is slight evidence 
to suggest some aerodynamic loss of the largest 
droplets a t  the Royco inlet. Otherwise, the sett- 
ling tunnel data appear to be quite reasonable 
extrapolations of the Royco data to larger sizes, 
and the condensation nuclei counts to smaller 

Fig. 1 .  Sampling sites. 

sizes. The representativeness of the data is 
further supported by its general consistency 
with theoretical calculations and measurements 
by other investigators. 

Estimates of small particle concentrations 
were obtained with a General Electric small 
particle detector (type CN). This is a condensa- 
tion nuclei counter of the photoelectric type 
in which the attenuation of a light beam by the 
cloud formed on adiabatic expansion is related 
to the numbers of particles present. The calibra- 
tion is based on the work of Nolan & Pollak 
(1946). Junge (1966) has compared values ob- 
tained from the G.E. counter used on this 
program with those obtained from an absolute 
counter of the Scholz type and used the compa- 
risons to correct the G.E. counter calibration. 
The values given here are based on Junge’s 
correction curve. 

The two locations shown on the map in Fig. 1 
served as the sites for the measurements re- 
ported here. The general area is about 40 km 
south-southeast of San Francisco. The Royco 
particle counter and the entrance to the settling 
tunnel were operated a t  the back door of a com- 
pact van. The van was parked on the upwind 
side of the road at the Skyline site with the 
back doors open and facing into the wind. 
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The equipment was powered by a 2500-watt 
generator located about 30 m from the truck. 
About the only major source of pollution upwind 
was a highway about 314 km to the west and at 
an elevation about 170 m lower than the Skyline 
sampling site. There was usually moderate traf- 
fic on this upwind road and light traffic on the 
road where the van was parked. Occasionally 
condensation nuclei counts in the early morning 
indicated that pollution from the Bay Area may 
have gone to sea on an evening land breeze and 
then returned as the wind reverted to westerly. 

Operations at Bear Gulch were similar to 
those a t  Skyline except that the truck had to be 
parked on the downwind side of the road. This 
should have introduced very little error, as the 
traffic was limited to an occasional vehicle 
traveling to or from one of the four or five 
ranches. Southwest of the site there was also 
some construction which contributed t o  traffic 
past the site. One or two vehicles per hour was 
the average traffic flow. Other than this very 
light traffic, there were virtually no pollution 
sources upwind of the Bear Gulch location. 

Generally, sample collection began between 
0830 and 0930 Pacific Standard Time and 
continued until after there was no longer fog at 
the site. Thus, the results may include some 
periods of dissipating cloud as well as the 
periods of complete cloudiness. During the 
cloudy periods there were often times when the 
clouds lifted or otherwise became thin. Inasmuch 
as the instruments required long sampling pe- 
riods or long averaging intervals as compared 
to the frequency of the changes in cloud density, 
it was not possible to resolve these short-period 
fluctuations. Long sampling times were neces- 
sary in order for the cascade impactors to collect 
large enough samples for chemical analysis. 

The sample extraction and analytical meth- 
ods for sulfur and chloride compounds were 
essentially the same as those described by 
Junge (1966). The chloride analysis made use of 
a titration cell (Coulson & Cavanagh, 1960) in 
which the chloride ions are titrated with coulo- 
metrically generated silver ions. The method 
does not distinguish C1- from Br- or I-. Ge- 
nerally, the ratio of bromide to chloride or 
iodide to chloride in the atmosphere is small 
(e.g., Duce et al., 1965), so these halides have 
been treated as though they were all chloride. 

A titration apparatus similar to that used for 
the chloride analysis was used for the sulfur 

Tellua XXII (1970). 1 

7 - 702893 

analysis. First, the sulfates (and some other 
sulfur compounds present) are reduced to 
hydrogen sulfide in a microcombustion furnace. 
The hydrogen sulfide is then determined by 
iodimetric microcoulometric titration. Volatile 
organic sulfur-containing substances should be 
steam distilled from the sample during extrac- 
tion. Sulfites may be converted to sulfates dur- 
ing preparation of the sample, so the results 
may include all or part of the sulfites. 

The sulfur and chloride determinations were 
both made with the samples from one of the 
cascade impactors. The second impactor was 
used for determinations of organic aerosol ma- 
terial. Although substantial amounts of organic 
material were collected, problems have been 
encountered in both the detailed analysis and 
interpretation of these samples. Therefore, the 
organic data have not been included in the dis- 
cussion. 

In  addition to the droplet measurements, 
meteorological measurements were made of 
temperature, humidity, and wind. 

Results 

The size distribution data from the Royco 
particle counter have been treated in two dif- 
ferent ways: they were grouped to coincide with 
the chemical data collection periods, and they 
were grouped in categories qualitatively reflect- 
ing the nature of the cloud. This second group 
of categories includes mid-cloud, lower edge of 
cloud, below cloud, and dissipating cloud. There 
is considerable overlap in the data because of 
the long collection times. It was considered 
desirable to have the settling tunnel and the 
Royco sampling periods cover approximately 
the same time periods. The data categories by 
cloud type have been analyzed as conventional 
frequency distributions with the number of 
particles per cubic centimeter per micron of 
radius interval determined as a function of 
particle radius. 

The data grouped for comparison with chem- 
ical results were converted to mass distribu- 
tions. It was assumed that the droplets had a 
specific gravity of 1. The data obtained with 
the cascade impactors naturally yield mms di- 
stributions. Fig. 2 shows the mass distributions 
of sulfur and chloride and the ratio of sulfur 
concentration to chloride concentration as a 
function of droplet radius. The curves show 
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Fig. 2. Average sulfur and chloride mass distribu- 
tions and sulfur-to-chloride ratio as a function of 
drop radius. 

r - "  

d M / d r ,  the change in the mass of material with 
radius less than r ,  as a function of r .  This can 
be related to dMld loglor, a representation often 
used in the literature (e.g., Junge, 1963) by: 

d M  r dM 
(3) 

-=-- 
d loglor logloe dr 

The curves are for the totals of all the samples 
collected. For most of the points this represents 
the sampling of 65.4 ms of air. This volume was 
collected during 18 separate sampling periods, 
all in the late spring or summer of 1968. The 
points a t  r = 3.1 p are based on 52.2 ms because 
one of the individual samples was contaminated. 
Two sulfur-compound samples were lost due to a 
failure of the analytical equipment, so the sulfur 
points for the radii 1.15 and 0.63 ,u are also 
based on 52.2 ma samples. It was arbitrarily 
assumed that the material collected by the 
filters represented particles with radii from 
0 . 0 5 ~  to the cutoff radius of the impactor's 
final stage, 0.25 p. The mass distributions 
plotted a t  0.15 p were based on the filter data 
and such an assumption. 

The individual collections show many of the 
same features as the averages in Fig. 2, but as is 

to be expected, they exhibit considerable scat- 
tcr; Fig. 3 shows the five collections used to 
eompile the averages. In  these graphs the dashed 
segments indicate points missing, either be- 
cause of contamination or equipment failure, 
and the arrows indicate tha.t collections were 
less than the 0.2 p g m  needed for analysis. The 
mass distributions of sulfur-containing com- 
pounds show minima a t  radii of about 2 p both 
in the individual distributions and in the aver- 
age. In general, there is less chloride mass con- 
tained in the larger sizes than in the smaller. 
The average shows a slight minimum at a radius 
of about 0.35 p, as do several of the individual 
cases. 

The ratio of sulfur to chloride ranges from 
about 4 for the small sizes to about 0.4 for radii 
between 1 and 2 pand back to greater than 1 
for droplets with radii greater than about 3.5 p. 
All these ratios are much greater than the 
value of 4.72 x lo-* found in sea water (Sverdrup 
et ul., 1942). It appears that sea spray is not the 
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Pig: 3. Sulfur and chloride mass distributions, 
individual collections. 
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dominant aerosol at  these sites even though 
they are within a few kilometers of the ocean. 

Although the impactor separates the chloride 
and sulfur compounds into fractions according 
to particle size, these compounds are probably 
mixed with other materials in the cloud. The 
larger droplets contain substantial amounts of 
water with the sulfur and chloride compounds 
present as nuclei. If the chloride and sulfur com- 
pounds were collected as the nuclei of droplets 
rather than as solid particles, then we can con- 
clude that the chloride and sulfur compounds 
found on the first stages of the impactlor are 
those which constituted nuclei for the larger 
droplets. These were the nuclei that were large 
enough or hygroscopic enough to induce droplet 
growth, i.e., active nuclei. The material found 
on the last stages and the filter would be made 
up of those particles that have not grown very 
much-inactive nuclei. 

For three of the cascade impactor collections, 
data were also available from the Royco counter. 
The Royco and settling tunnel size distributions 
converted to a mass basis, are shown in Fig. 4, 
as are the mass distributions for chloride and 
sulfur. Unfortunately, it was from this chloride 
and sulfur group that some impactor samples 
were lost because of instrument malfunction. 
The distributions are shown as dashed lines 
where they are the average of only two collec- 
tions (25.5 ma of air) instead of three (37.7 ma). 
As is to be expected, the sulfur and chloride 
distributions show the same general features 
seen before. Also as expected, the chlorides and 
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the sulfur compounds are much smaller frac 
tions of the total material for the larger sizes. 
For 4 p radius drops the sulfur constitutes about 
4 parts in LO4 and the chloride about 6 parts in 
10'. For 0.3 p radius the corresponding frac- 
tions are about 1 in ten and 2 parts in a hundred. 
The concentrations found here are not likely 
to be found in every droplet. It is more likely 
that some droplets will have formed on the 
chloride nuclei, some on sulfur compounds, and 
some on mixtures of these and other compounds. 
During their lifetime, the droplets may also 
sweep out additional aerosols. 

The above results show that the aerosol mate- 
rial and the droplet nuclei may be of mixed 
composition. Other studies (Goetz, 1965; Blan- 
chard, 1968) have shown that even in a relatively 
clean atmosphere of recent maritime origin, the 
cloud nuclei present may include substantial 
amounts of organic material, as preliminary anal- 
yses have shown in our samples. The winds 
during all the sampling were from the westerly 
quadrant and the circulation associated with 
the Pacific high pressure area suggests a long 
trajectory over the ocean. On a few occasions 
some of the sampled air may have been carried 
to sea the night before during a period of land 
breeze. It is clear that the aerosol population is 
considerably more complex than what would 
be deduced from the composition of the dis- 
solved salts in seawater. 

Before presenting the particle size spectra for 
the different types of cloud, two apparent arti- 
facts in the Royco particle counter data should 
be noted. First is the apparent loss of some of 
the larger droplets. This has already been 
mentioned, and evidence of such loss can be 
seen in Fig. 4, where thc total distribution dips 
at a radius of 6.9,u, the upper channel of the 
particle counter. Similar features are to be 
found in several of the size distributions to be 
presented. The other artifact occurs a t  the 
channel marked by the points a t  0.63 ,u radius. 
The 90" scattering a t  refractive indices of 1.6 
and 1.33 is such that this channel is supposed 
to resolve a very narrow range of radii. For 
physical, optical, and electronic reasons, the re- 
solution of the instrumcnt is not as good as 
the theory predicts (Preining, 1968). Thus, 
when the theory is used to calculate the size 
distribution (as has been done for all cases pre- 
sented here) this chanml tends to give unrea- 
listically high resuIts. The adjacent channels 
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may show values somewhat too low as a result 
of the same mechanism. The artifact does not 
seriously affect the major features of the distri- 
butions. 

As has already been noted, the total size 
distributions were obtained with three different 
instruments. The parts of the distributions for 
radii greater than 7 p come from settling tunnel 
data. For radii from 0.34 to 7 p the distributions 
are based on Royco particle counts. Below 
0.34 p condensation nuclei counts were used. 
The Royco and the settling tunnel data gen- 
erally agree quite well with each other, parti- 
cularly when the probable low counts of large 
particles with the Royco are considered. The 
condensation nuclei counts are consistent with 
the other data, but certain assumptions are 
necessary to combine them with the other size 
distribution data. 

To obtain a rough idea of the nature of the 
size distributions for small radii, the condensa- 
tion nuclei counts have been assumed to be con- 
stituted entirely of particles with radii between 
0.01 and 0.1 p and to be uniformly distributed 
over the int,erval. The Royco size distributions 
have then been extrapolated to 0.1 ,u radius. 
This treatment of the data is similar to that 
used by Junge (1966). It is intended only to 
approximate the gross features of the distribu- 
tion. The portions of the size distributons shown 

Fig. 5. Average size distributions. 
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Fig. 6. Average size distributions in the cloud. 

in Figs. 5 and 6 that are based on the condensa- 
tion nuclei counts are represented by dashed 
lines. The representation is in terms of dN/dr, 
where N is the number per cms of particles with 
radii less than r .  This is related to dN/d log,,r 
by the same relationship presented between 
dM/dr and dM/dlog,,r. 

Fig. 5 shows the average size distribution 
based on data collected under several different 
types of cloud condition. The curve marked 
"below cloud" shows the size spectrum in the 
marine air below the stratus a t  the Skyline site. 
Data were collected for e total of about 54 hours 
on five different days. A paucity of large drop- 
lets prevented the determination of the size 
distribution in the interval from 7 to 2 0 p ,  
marked by the dashed segment in the figure. 
The settling tunnel is more sensitive for the 
larger droplets, so their frequency could be 
determined. The droplet frequency is approxi- 
mately proportional to r-a. a over the interval 
0.3 p < r < 4 p. The distribution over this size 
range is quite similar to that found on the coast 
of Oregon by Junge (1966) which suggests that 
these results may be representative of the ees- 
tern Pacific maritime aerosol. At the larger 
sizes ( r  > 4 p )  there were more droplets found 
than would have been expected from extrepo- 
lation of the power law size distribution. Con- 
sideration of probable losses at the larger sizes 
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counted by the Royco would accentuate the 
effect. 

The curve marked “lower edge” in Fig. 5 
shows the average size distribution observed 
at the bottom edge of the cloud. Samples were 
collected on five separate days, four a t  the sky- 
line site, one a t  the Bear Gulch site. The six- 
hour total sampling time included about two 
hours a t  the Bear Gulch site. 

For radii between about 0.3 and 2 p, the 
average size distribution at the lower edge of the 
cloud is approximated by a power law with an 
exponent of about - 2.8. Over this interval the 
size distribution is quite similar to that found 
below the cloud. Outside this radius interval 
there are fewer small particles and more large 
droplets. This change is to be expected, of 
course, as we move into the cloud. 

The curve in Fig. 5 marked “in cloud” shows 
the average size distributions in the cloud for all 
the measurements made a t  the two different 
locations. Fig. 6 shows this curve and the aver- 
ages for each of the two individual sites. The 
Skyline average represents a total of about 
three hours observation on two separate days. 
The Bear Gulch average is based on about 7)  
hours observation on five separate days. 

The three curves shown in Fig. 6 are similar 
for radii less than 1 p and greater than 7 p .  
Between these two radii there is considerable 
difference between the Bear Gulch average and 
the Skyline average distribution. At present 
there is not sufficient data to determine whether 
there is some fundamental difference between 
the geography at the two locations which would 
cause the observed size distribution differences. 
Both locations have distributions that can be 
approximated by a power law distribution with 
an exponent of about - 3 in the region 0.3 p < r  
4 1 p. Both show secondary maxima in their 

frequency distributions, Bear Gulch a t  about 6 p 
and Skyline a t  about 8 p. The major difference 
between the two is that the Skyline distribution 
shows a very pronounced minimum at a radius 
of about 5 p (allowing for the probable loss of 
droplets of the sizes counted by the uppermost 
Royco channels), while the Bear Gulch distribu- 
tion has a shallow minimum between about 2 
and 3 p. 

The average size distribution for the last 
cloud-type category is shown by the curve 
marked “dissipating” in Fig. 5. The data for 
thk  average were collected at the Bear Gulch 
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site on three separate days for a total of about 
five hours of observation. The dissipation was 
generally caused by the stratus mixing with 
drier air above the marine layer as the air flowed 
upward over the coastal mountains. This effect 
was also accompanied by a general daytime 
heating. Relative humidities observed during 
these observation periods ranged from 81 to 99 %, 
but were generally above 90%. 

For radii less than 1 p, the size distribution 
observed during cloud dissipation is very nearly 
the same as that found within the stratus at 
the same site, Bear Gulch. For 1 p < r  < 6 p, 
there were more particles observed during the 
dissipation phase than were found in the cloud. 
For the larger sizes the situation is reversed. 
The secondary maximum found during dissipa- 
tion is a t  a smaller radius and is broader than 
was found in the developed cloud. 

Discussion 

Although condensation processes involving 
a spectrum of nuclei are enormously complex, 
several authors have treated the subject theore- 
tically with reasonable rigor. The work of Nei- 
burger and Chien (1.960) provides an interesting 
basis for the interpretation of the data presented 
here. They have calculated droplet spectra on 
the basis of cloud cooling rates of 6”C/hr, which 
is greater than generally found during marine 
stratus formation. Their calculations are based 
on reasonably realistic nuclei size distributions. 
They include the feedbacks between condensa- 
tion and supersaturation and use accurate repre- 
sentations of the microphysical processes, in- 
cluding solution and curvature effects as well as 
the transfer of heat and water vapor. Besides 
cooling rate, the principal point at which Nei- 
burger and Chien’s calculations may be unrea- 
listic is in their choice of initial nuclei. The size 
distribution was chosen carefully to correspond 
with observations, but the composition was 
taken to be entirely sodium chloride. The data 
discussed earlier in this paper, and data from 
many other sources (see, e.g., Junge, 1963), 
make it clear that NaCl is only a fraction of the 
total aerosol material. 

Figs. 7 and 8 show the results of the Neiburger- 
Chien calculations. In both figures the calcula- 
tions were based on the 6°C hour-’ cooling rate, 
starting from 288°K and 75% RH. The differ- 
ence between the two is in the assumed initial 
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Fig. 7. Neiburger-Chien (1960) calculated size distri- 
butions. Stratus Casc A. 

nuclei distributions: case A (Fig. 7) has fewer 
of the larger nuclei than case B (Fig. 8). The 
two nuclei distributions result in droplet spectra 
that are quitc similar. Both cases result in 
spectra with secondary maxima a t  a radius of 
about 5 ,u after 3000 sec and about 12 p after 
6000 sec. Theso secondary modes are somewhat 
less pronounced for the case with the fewer large 
nuclei. Mason (1960) has pointed out that all 
the droplets in a stratus cloud do not have the 
same growth history; mixing with air outside 
the cloud causcs the removal of droplets and the 
introduction of fresh nuclei. Thus, according to 
Mason, the cloud consists of droplets that have 
been growing for a wide variety of time periods, 
rather than all having equal growth periods as 
in the Neiburger-Chien calculations. The as- 
sumption of a variety of growth periods leads 
to a much broader secondary mode in the size 
distribution. It, also tends to stabilize the size 
distribution so that the peak does not continue 
its rapid shift to larger sizes with time. Mason's 
assumptions lead to a broad secondary peak a t  
a radius of about 3 p. The distribution appears 
to change only slightly with time after 3000 sec. 

It is obvious that there are both similari- 
ties and differences between the observations 
and the theoretical calculations. The most pro- 
nounced difference is between the observed and 

calculated concentrations for the large droplets. 
The model concentrations calculated by Nei- 
burger and Chien and by Mason are from tens 
to hundreds of particles per cubic centimeter 
per micron of radius. The observations show 
only a few percent of this number. For the 
larger sizes, e.g., radii around 20 p, the calcula- 
tions and observations are in much better agree- 
ment. 

One of the reasons for the discrepancy be- 
tween the Neiburger-Chien calculations and the 
observations may be the cooling rate used in the 
calculations. Six degrees centigrade per hour is 
a much more rapid cooling rate than is usually 
found during the radiative cooling accompany- 
ing the stratus formation. The more rapid cool- 
ing should result in the activation of more nu- 
clei with consequent greater numbers of drop- 
lets formed. Some size distribution differences 
might also result. 

Another possible reason for the smaller num- 
ber of droplets is probably the fact that the 
number of nuclei available for droplet formation 
is substantially less than the number used in the 
calculations. Where the calculations assumed 
the entire initial nuclei population to consist of 
hygroscopic sodium chloride, observations in- 
dicate that a substantial fraction of the material 
is not salt. For radii less than about 1.14, the 
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Fig. 8. Neiburger-Chien (1960) calculated size distri- 
butions, Stratus Case B. 
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observed size distributions agree quite closely 
with the initial nuclei size distributions used 
by Neiburger and Chien, although the observa- 
tions were taken after cloud formation rather 
than before. It appears that many of the nuclei 
do not participate as actively in the cloud forma- 
tion process as the calculations show. This, of 
course, is consistent with the chemical data. 

Intuitively, we might expect that, if fewer 
nuclei are activated to droplet growth, those 
that are might grow to larger size. The data 
provide some support for this notion, in a re- 
lative sense at  least. For 6000 seconds the Nei- 
burger-Chien calculations show five orders of 
magnitude difference between the modal radius 
(about 12 p )  concentration and the 20 p radius 
concentration for the stratus case type A and 
about 34 orders of magnitude for stratus case 
B. The observations show differences of about 2 
orders of magnitude. The absolute observed 
concentrations a t  20 p are somewhat greater 
than those calculated for stratus A and some- 
what less for stratus B. 

The droplet size a t  which the secondary mode 
in the frequency distribution has been observed 
is in reasonably good agreement with the cal- 
culations. For developed clouds the observa- 
tions show modes around 6 to 8 p radius. The 
Neiburger-Chien calculations show the mode 
shifting from about 5 p to about 12 p between 
3000 and 6000 sec after development begins. 
The Mason calculations show the mode a t  
about 2 to 3 p. The observations taken in dis- 
sipating clouds show the mode to be a t  smaller 
sizes. The mixing of cloud and noncloud air 
during the dissipation phase may more nearly 
match the assumptions that Mason used in de- 
veloping his model. 

Some other observations of droplet size distri- 
butions in stratus are available in the literature, 
but they do not generally include measurements 
at submicron sizes. Neiburger & Chien (1960) 
present three examples collected from a blimp, 
but they do not give the details of how the 
samples were collected and analyzed. They ob- 
served modes around radii of 4 or 5 p and modal 
concentrations of about 50 to 150 droplets 
cm-sp-l. 

Pedersen & Todsen (1960) used a cascade im- 
pactor to obtain droplet distributions over pe- 
riods of 10 sec or less in stratus outside Oslo at  an 
elevation of 500 m. The average of ten observa- 
tions taken at wind speeds less than 4 kt  has a 
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mode a t  a radius of about 3.5 p with a concentra- 
tion of about 6 droplets cm-sp-l. For eight cases 
a t  wind speeds greater than 4 kt, the mode came 
a t  about 2.5 p and about 30 droplets cm-ap-l. 

Eldridge (1961) observed fogs with a particle 
counter based on the same principle as the 
Royco, but designed to be more suitable for 
sampling large droplets. He used 20-second 
sampling periods. His data do not show evidence 
of a secondary mode, but the drop-size classes 
are rather coarse in the 2 to 10 p interval where 
such a mode might be expected. He sized drop- 
lets from 0.5 to 32 p over intervals of 0.5-1 p, 
1-2 p, 2-4 p, etc. This may not have provided 
sufficient size resolution to detect a secondary 
mode unless it was quite pronounced. The aver- 
age concentration of droplets in the 6 8  p class 
was about 130 cm-8. This is an average of about 
33 cm-Sp-l over the interval. 

May (1961) collected fog samples with a two- 
stage impactor for periods up to about a minute. 
The size range covered by his data was from 
radii of about 0.5 p to about 50 p. He says that 
a minority of his distributions were bimodal with 
peaks around r = 1  p and around T = l o p .  His 
complete data are not presented, so that it is 
not possible to determine the frequencies a t  the 
mode, but his total concentrations ranged from 
about one to a thousand drops per cubic centi- 
meter. 

Webb (1956) measured droplet distributions 
in fog by a photographic technique where about 
1 cms of air constituted the sample. He presents 
four samples of fog distributions with modes 
varying from a radius of about 5 p to about 13 p 
and modal concentrations from about 5 cm-sp-l 
to greater than 100. 

The above recital of results from other studies 
is not complete, but serves to illustrate the 
fact that bimodal distributions are not uncom- 
mon, but are not universally observed though 
theory says they should be expected. When a 
second mode occurs it seems to be most com- 
monly found a t  a radius between about 3 and 
12 p. The droplet frequencies observed in the 
hills south of San Francisco are generally smaller 
than those cited above, but this may reflect the 
longer sampling periods, during which the cloud 
had a chance to display its full range of inho- 
mogeneities. The short-period samples typical 
of the other studies may have been selectively 
collected during the periods when the cloud was 
thickest. 
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The data have shown that there is great 
variability in stratus droplet size distribution 
and concentration. Some examples reported in 
the literature have shown a bimodal distribu- 
tion. Other observations do not show the second 
mode. The difference could well reflect differ- 
ences in the nuclei population that initiates the 
cloud growth. Certainly the data collected dur- 
ing this study show that the sulfur compounds 
and chlorides are not found in equal proportion 
over the entire range of particle and droplet 
sizes. Others have found much variety in the 
chemical composition of fog water from time 
to time and place to place (e.g., Miyake, 1948; 
Houghton, 1955; Mrose, 1966; Okita, 1968), but 
have not studied changes with droplet size. 

The distribution of sulfate with particle size 
parallels the droplet size distribution, greater 
amounts of sulfate being found a t  the larger 
and smaller sizes and a minimum between. It 
appears that the activity of the sulfates as 
droplet nuclei is largely a size-dependent pro- 
perty. The small sulfate particles are inactive 
and grow little. The larger particles are active 
and grow to larger droplets, leaving a minimum 
in the spectrum between the grow-ing droplets 
and the inactivated particles. The distribution 
of the chlorides does not show a minimum be- 
tween active and inactive nuclei. Although the 
sodium chloride found in sea salt should form 
quite active nuclei a t  the larger sizes, the evi- 
dence shows that there is relatively little chlo- 
ride associated with the larger droplets. Robbins 
et al. (1959) have proposed an atmospheric reac- 
tion that could account for this dearth of chlo- 
ride in the larger droplets. They suggested that 
HNO, vapor is formed from NO2 by hydrolysis. 

The HNO, then is absorbed quickly by the solu- 
tion droplets and reacts with NaCl to release 
HCl vapor. The process is more efficient with 
the more dilute droplets. The more dilute drop- 
lets are the larger ones, so the reaction would 
preferentially remove chlorides from the larger 
droplets. The reaction reaches equilibrium in a 
matter of minutes so there should be sufficient 
time between stratus formation and sample 
collection for the larger droplet chlorides to be 
lost as HCl. This reaction would increase nitrate 
concentrations with droplet size, and future 
studies should investigate the amounts of this 
anion as a function of droplet size. 

The results of this program emphsize the 
importance to cloud formation of the total 
numbers of available nuclei and their consti- 
tuent materials. These factors must certainly be 
important to the size spectrum that develops 
in a cloud and may well account for differences 
in observed size distributions and differences 
between observation and theory. 
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HABJIIOAEHBH A 3 P 0 3 0 J I E m  B KAIIEJIb B CJIOBCTbIX OBJIAHAX B KAJIBQOPHBB 

B T e q e m e  n e T a  1968 r. B X O J I M E ~ C T O ~  M e c T H o c T A  

r p a M M a  m ~ e p e ~ ~ i h  aapocom li 0 6 J I a Y H b I X  H a -  
n e m  B CJIOACTMX 0 6 ~ 1 a K a X .  P a c n p e n e n e H a e  no 
p a 3 ~ e p a ~  onpenemnocb c I I O M O I ~ ~ H )  C q e T s H K a  
sac~aq P O ~ K O ,  ~cnonbayw~qero  n p m q m  pac- 

K lory OT C a H - # J p a H 4 1 1 C K O  npOBO)J11JIaCb np0- 

CeHHMH CBeTa ,  C S e T q A K a  H A e p  KOHReHCaqElM 11 
3 a 6 0 p H O f i  TPYBM.  A B a  IIIeCTHKaCKaAHbIX A a T -  
Y H K a  MCnOJIb30BaJ IHCb nJlH c6opa npo6 RJIH 
a H a J I U 3 a  H a  C e p H b I e  11 X J I O p H n H M e  KOMnOHeHTbI.  

3bIBaH)T H a  C y I q e C T B O B a H H e  CY6MHKPOHHOfi  @ p a K -  
41111. B T o p a s H b l e  MOAM BCTpeqaIOTCH C pan11y- 
CaMH OT np116JI113IITeJlbHO 6 A 0  8 MKM B pa3B11-  
B a l o I q l i X C R  0 6 J I a K a X ,  a HeCKOJIbKO MeHbIUeI’O 

JIBKOB, a a p O 3 O J I b  H A X e  0 6 J I a K O B  H e  11MeeT BTO- 
p11qHOa MOAbI AJIH 6onbm11x p a 3 M e p O B .  nOJI0- 

A a H H n e  o pacnpenenema no p a ~ ~ e p a ~  y K a -  

p a a ~ e p a  s a c T u q M  - B nepnonbl paccemm 06- 
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