
glaciated surface, indicates that Jones 
Mountains were glaciated more than 
22 ? 12 million years ago (4). Paleo- 
magnetic stratigraphy and the occur- 
rence of ice-rafted debris in Antarctic 
deep-sea cores indicate that calving gla- 
ciers were present in Antarctica at 
least 3 million years ago, and that the 
greatest amount of ice-rafted debris was 
produced between 2 and 3 million 
years ago (5). From the ranges of sub- 
Antarctic and Antarctic planktonic 
Foraminifera in deep-sea cores, Bandy 
(6) concluded that Antarctica was 
largely covered by ice during the late 
Miocene and middle Pliocene; thus the 
potassium-argon dates from Taylor Val- 
ley are consistent with these other 
data in pointing to the great antiquity 
of major Antarctic glaciation. 

Note added in proof: Fieldwork now 
in progress has confirmed that till de- 
posited by Taylor Glacier underlies the 
dated volcanics, and that subsequent 
advances of the glacier have overrun 
the volcanics at least up to an altitude 
of approximately 1250 m. 
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Cosmic Ray-Produced Radionuclides as Tracers of Atmospheric 

Precipitation Processes 

Abstract. Through recent developments in instrumental analysis it is now pos- 
sible to measure with good precision the rainwater concentrations of five short- 
lived radionuclides which are produced by cosmic ray spallation of atmospheric 
argon. These measurements provide a method for studying the in-cloud nucleation 
times and aerosol scavenging efficiencies, and promise to provide information on 
short-term processes which occur in rain and snow formation. 
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Radionuclides are produced contin- 
uously in the atmosphere by cosmic 
rays. Their absolute production rates 
vary considerably with both altitude 
and latitude but remain relatively con- 
stant with time. Following formation, 
most of these radionuclides quickly be- 
come attached to the normal atmo- 
spheric aerosols and thus can serve as 
tracers of the subsequent behavior of 
these aerosols. Some of the radio- 
nuclides with half-lives of months to 
years have been used in studying atmo- 
spheric mixing processes, while the 
longer-lived radionuclides have served 
as tracers of geophysical processes and 
in dating biological and geological phe- 
nomena. It has been recognized that 
radionuclides with half-lives of minutes 
to hours would be useful in studying 
atmospheric precipitation scavenging 
mechanisms since their half-lives are of 
the same order of magnitude as the 
time scale on which precipitation proc- 
esses occur (1, 2). 

The main deterrent in the use of 
these radionuclides as tracers of atmo- 
spheric processes has been the fact that 
they are present in extremely small con- 
centrations and are therefore very dif- 
ficult to detect and measure. With the 
development of ultrasensitive counting 
techniques, it has become possible to 
measure several of these short-lived 
radionuclides with high precision (3, 4). 
The five radionuclides, 34mCl (T1/2 = 
32 minutes), 38C1 (T1/2 

-- 37.3 minutes), 
39C1 (T1/2 = 55 minutes), 3Ss (T1/2 = 
2.9 hours), and 24Na (T/ = 15 hours), 
which are spallation products of atmo- 
spheric argon, have been measured in 
several rains and their relative and ab- 
solute concentrations determined. Their 
absolute concentrations in precipitation 
are related to the scavenging efficiency 
and the altitude from which the pre- 
cipitation occurred, while their relative 
concentrations provide information on 
the time spent by the host particles 
subsequent to collection in the cloud 
but prior to their deposition at the 
earth's surface. 
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In spallation reactions with the atmo- 
sphere, high-energy primary cosmic rays 
produce large numbers of secondary 
neutrons and protons which in turn are 
responsible for most of the spallation 
reactions resulting in radionuclide pro- 
duction in the atmosphere. The produc- 
tion rate of radionuclides in the atmo- 
sphere depends on both altitude and lati- 
tude, and are discussed in detail by 
Lal and Peters (5). The overall relative 
production rate per gram of air in- 
creases by 2 to 3 orders of magnitude 
between sea level and the top of the 
atmosphere. Although the total atmo- 
spheric production rate increases by 
almost an order of magnitude in mov- 
ing from the geomagnetic equator to 
the poles, the tropospheric production 
rate only varies by about twofold. 
About 30 percent of the radionuclide 
production takes place in the tropo- 
sphere and the remainder in the strato- 
sphere. 

The radionuclides resulting from cos- 
mic ray spallation reactions in the at- 
mosphere which have been observed to 
date, with their half-lives, include 10Be 
(2.7 X 106 years), 36C1 (3 X 105 years), 
14C (5730 years), 32Si (- 700 years), 
3H (12.26 years), 22Na (2.60 years), 
35S (86.7 days), 7Be (53 days), 33P (25 
days), 32P (14.3 days), 28Mg (21.3 
hours), 24Na (15.0 hours), 38S (2.9 
hours), 31Si (2.62 hours), 39C1 (55 
minutes), 38Cl (37.3 minutes), and 34mCl 
(32.0 minutes) (2, 6). The latter of this 
group, with half-lives of minutes to 
hours, can be used as tracers of precipi- 
tation-scavenging processes. 

Measurements of the absolute produc- 
tion rates of these radionuclides have 
not been reported; however, estimates 
which are good to within a factor of 
3 or 4 can be made which are based 
on spallation-yield curves extrapolated 
to argon (5). The absolute atmospheric 
production rates of these short-lived 
radionuclides are now being more pre- 
cisely estimated from measurements of 
the equilibrium concentration of the 
radionuclides in the air (7). 
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Atmospheric precipitation samples 
(rain or snow) are collected on plastic 
sheets with surface areas of about 100 
m2. These water samples, which may 
amount to about 2 to 100 liters, are 
transferred to the laboratory, where 
the chlorine radionuclides, 4mCl, 38asc, 
and ':'CI, are separated by a rapid 
silver chloride precipitation using lead 
and bismuth holdback carriers (1). The 
water, or filtrate, which still contains 
3sS, 24Na, and other airborne radio- 
nuclides, is then evaporated to dry- 
ness. The radionuclides are measured 
by direct counting of the two fractions 
on a multidimensional gamma-ray spec- 
trometer. The spectrometer used for 
the 1966-1967 measurements had two 
sodium iodide crystals 11 inches in 
diameter by 6 inches thick (28 by 15 
cm) between which the sample was 
precisely positioned for counting. This 
ultra-low-level counting instrument, 
which is described in detail elsewhere 
(4), measures both the single and co- 
incidence gamma rays emitted from 
the sample and stores the events in a 
computer memory at locations which 
uniquely define the energies of the 
gamma rays. Where coincidence gam- 
ma rays from a radionuclide are used 
for its measurement, the natural back- 
ground and the interference from other 
radionuclides are extremely low. This 
instrument is particularly suitable for 
this group of cosmic ray-produced 
radionuclides since their decay involves 
the emission of two or more gamma 
rays per disintegration. The coincidence 
counting efficiencies (defined as counts 
per disintegration) for the radionuclides 
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Fig. 1. Concentration of 39Ci as a function 
of precipitation rate. 

24Na, 34tCl, 38Cl, and 3"C1 were 
6, 7, 2.5, and 5.5 percent respectively, 
while the background was 0.5, 1.5, 
0.6, and 3.5 counts per hour respec- 
tively. The corrections necessary for 
cross interference between these radio- 
nuclides and from other radionuclides 
present were very low, being less than 
1 percent for 24Na, 38Cl, 39C1, and 
.341QC1' 

The concentrations of the five short- 
lived radionuclides in water from sev- 
eral rain and snow storms are tabulated 
in Table 1. The plus-or-minus values 
listed next to the concentrations are 

the percent standard deviations asso- 
ciated with the measurements. For the 
measurements made during 1966-1967 
the standard deviations for 38C1, 39Cl, 
and 24Na were between 2 and 11 per- 
cent, while for 34mCl and 38S some 
of the standard deviations were as high 
as ? 33 percent. The data show that 
absolute concentrations of each of the 
various radionuclides vary by more 
than an order of magnitude in different 
rains. Unfortunately, neither the rela- 
tive nor absolute production rates of 
these radionuclides are as yet known, 
and one is therefore presently limited 
to comparing the concentration in dif- 
ferent rains to infer cloud processes. 
It was observed that the concentration 
of a given radionuclide varied inversely 
with the precipitation rate. In Fig. 1 
the observed concentrations of 39C1 
are plotted as a function of precipita- 
tion rate. The concentration of 39C1 

decreases by almost an order of mag- 
nitude while the precipitation rate in- 
creases from a few hundredths to about 
three-tenths of a centimeter per hour. 
This decrease in radionuclide concen- 
tration with increase in precipitation 
rate may simply result from nearly 
complete removal of aerosol particles, 
along with their attached radionuclides, 
even in a modest rain. If this were 
the case, the total radioactivity which 
could be carried down per unit area 
of earth surface by a rainstorm would 
be related to cloud height and wind 
speed rather than the precipitation rate. 

It appears, however, that this over- 
simplified picture is at best only par- 
tially responsible for the observations. 

Table 1. Cosmic ray-produced radionuclides observed in rainwater (first 
? values are the percent standard deviations for the measurements. 

13 rows) and snow water (last 2 rows), Richland, Washington. The 

Date of Precipita- Concentration (dpm/liter) 
piteo_acipition tio Collection Volume ________________ 
taiecn 

rate time (min) (liters) 39Cl 8Cl 4Cl 88S 2Na (cm/hr) 

6-15-64 60 0.70 ? 29 
6-17-64 6.64 2.22 ? 11 
6-18-64 14.32 0.59 ? 15 
7-29-64 50 5.10 200 ? 8.5 147 ? 10 13 ? 38 2.0 ? 10 
8-01-64 50 3.50 15 ?20 9 ?55 
8-12-64 5 2.20 62 ? 19 42 ? 31 2.3 ? 17 

11-14-66 0.255 30 30.16 24.4 ? 5 20.4 ? 10 0.3 ? 33 1.22 ? 13 0.227 ? 7 
11-28-66 .0767 44 13.32 60.5+ 3 45.3 ? 7 .7 ? 29 2.07 ? 15 2.06 ? 4 
12-01-66 .316 25 97.87 37.2 2 22.9 ? 7 .5 ? 20 1.85 ? 8 0.608 ? 3 
12-12-66 .0515 40 25.50 108.7 2 82.7 ? 4 1.1 ? 11 8.24 ? 18 6.14 ? 2 
12-13-66 .0638 37 29.20 93.5 ? 2 60.5 ? 4 1.4 ? 14 3.29 ? 20 1.77 ? 6 

1-26-67 .155 40 76.80 59.2 ? 2 43.9 5 0.9 + 33 1.11 ? 14 1.06 ? 3 
1-26-67: .0384 40 19.00 181.6 ? 2 113.9 ? 4 1.5 ? 27 1.07 ?11 

12-7-66- 660 21.00 0.53 ? 4 
12-9-667 240 50.00 2.53 ? 2 

* End of rain 1-26-67. t The same storm, at places 150 miles apart. 
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Regardless of the size of a cloud drop- 
let, at least one condensation nucleus 
would be required for its formation; 
thus, for smaller cloud drops one would 
expect to find higher radionuclide con- 
centrations. Growth of drops through 
coalescence will tend to keep this concen- 
tration constant, while growth through 
condensation of moisture will decrease 
this concentration. The growth of cloud 
drops to a large size prior to any co- 
alescence in the heavier rain, and 
growth mainly through coalescence in 
the lighter rain, would help account 
for the observations. Also, since lesser 
rainfall rates are associated with great- 
er evaporation of drops, either during 
their cloud cycling or during their fall 
to earth, these should be associated 
with increased particulate or radio- 
nuclide concentrations. 

The observation that cosmic ray- 
produced radionuclide concentrations 
in rainwater vary inversely with pre- 
cipitation rate helps to explain the large 
difference between our observed con- 
centrations and those recently reported 
by Bhandari et al., 1966 (2), in Bom- 
bay, India. Their reported concentra- 
tions of these short-lived radionuclides 
were several fold lower than ours, and 
this is evidently due to the much higher 
rainfall rates in the storms they stud- 
ied. The annual rainfall rate in Bom- 
bay, India, is about 70 inches per year, 
compared to about 7 inches per year at 
Richland, Washington. 

Only two measurements of radionu- 
clides in snow have been made, and 
the observed concentrations of 24Na 
are included in Table 1. It appears 
that the concentrations of cosmic ray- 
produced radionuclides in snow are 
comparable with those in rain. The 
ratios of the concentrations of the vari- 
ous cosmic ray-produced radionuclides 
in precipitation provide an insight into 
the condensation processes and air 
movements within a storm system. 

In an air mass where no precipita- 
tion scavenging or significant vertical 
mixing has recently occurred the ratio 
of the various short-lived radionuclides 
would be constant, since their produc- 
tion rates would be in equilibrium with 
their decay rates. This equilibrium 
could be disturbed by the upward or 
downward movement of air masses, 
and by partial removal of these radio- 
nuclides by nucleation and subsequent 
precipitation. 

Following the upward movement of 
an air mass to an altitude of higher 
production rate, the short-lived radio- 
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Table 2. Comparison of short- to long-lived 
radionuclide ratios with classification of rain. 

39C1/24Na 38C/2N 
Meteoro- 

Date rat io logical ratio ratio qualifier 

12-12-66 18 14 Early in 
long rain 

11-28-66 29 22' Light, inter- 
mittent 
precipita- 
tion 

12-13-66 53 34 Near end of 
long rain 

12-01-66 61 38 End of long 
rain 

1-26-67 56 41 Near end of 
rain 

11-14-66 107 90 End of con- 
siderable 
rain 

1-26-67 170 106 End of rain 

nuclides, 38C1 and 39Cl, would build 
up at a much faster rate than would 
24Na, and the air mass would thus 
be characterized by a high radio- 
chlorine to 24Na ratio and a relatively 
low 24Na concentration. Conversely, 
following the movement of an air mass 
from a higher to a lower elevation 
where the overall production rate is 
lower, the more rapid decay of the 
short-lived chlorine radioisotopes would 
result in a low radiochlorine to 24Na 
ratio accompanied by a high 24Na con- 
centration. This condition of high ra- 
diochlorine to 24Na ratios accompa- 
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nied by low 24Na concentrations, and 
low radiochlorine to 24Na ratios ac- 
companied by high 24Na concentra- 
tions, is evident in the measurements 
made in this study as is illustrated in 
Fig. 2. This type of relationship, which 
was also observed by Bhandari et al. 
(2) on comparing 39C1 to 38S ratios 
with 38S concentrations in rainwater, 
was used by Bhandari in estimating 
possible intervals for vertical transport 
of air masses. 

There are, however, two other con- 
ditions which could also produce these 
observed relationships. For example, 
following removal by precipitation of 
a major fraction of the atmospheric 
aerosol and its associated cosmic ray- 
produced radionuclides, the rapid build- 
up of the short-lived chlorine radio- 
isotopes would also result in a high 
chlorine radioisotopes to 24Na ratio 
associated with a low 24Na concen- 
tration. By comparison, unwashed air 
would have a low radiochlorine to 
24Na ratio and a high 24Na concen- 
tration. A third condition which could 
produce the observed radionuclide con- 
centrations and one which appears 
more probable is the retention of aero- 
sol particles, which have served as con- 
densation nuclei, by cloud droplets for 
long periods of time. The ratio of a 
short-lived to a long-lived radionuclide 
in the droplets would then be much 
lower than that of the equilibrium con- 
dition in the atmosphere. In the storms 
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which we have studied, the lowest 
39C1 and 38C1 to 24Na ratios were 
observed near the beginning of the 
storm. The 39C1 and 38C1 to 24Na 
ratios observed in the various storms 
are compared in Table 2 with "me- 
teorological qualifiers" which were used 
in subjectively classifying the sampling 
period within the rainstorm. 

An apparent relationship between 
the ratios of 39C1 and 38C1 to 24Na, 
and the period in the storm when the 
sample was collected is clearly evi- 
dent. The two entries of 26 January 
in Table 2 are especially interesting 
because these were successive samples 
1 hour apart near the end of a rain. 
The concentration of the longer-lived 
24Na was the same, but the short- 
lived 39C1 and 38C1 increased by about 
a factor of three. 

An explanation for this change in 
ratio and for the range of ratios shown 
in Table 2 is evident if one views the 
storm cloud system as a filter, with 
unwashed, saturated air entering at the 
upwind end and moving through the 
storm cloud with a wind speed V rela- 
tive to the earth. This unwashed air 
could contain condensation nuclei 
which have the cosmic ray-produced 
radionuclides attached to them in a 
ratio approaching their steady-state 
production rates. At the same time, 
the storm cloud moves with a slower 
speed v relative to the earth. Then 
precipitation sampled at the earth at 
times At apart is actually from times 
in-cloud which are AT apart, where AT 
=[v/(V - v)] At. 

For the storm of 26 January 1967 
approximate values of V =- 35 and 
v = 25 could be used along with the 
known At of 1 hour, to give AT - 

2.5 hours. If this were the actual in- 
cloud period, changes in the 39C1 
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perhaps that other processes are im- 
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in the cloud after their incorporation 
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tions will of course increase when their 
absolute production rates as a function 
of altitude and latitude have been de- 
termined. It is likely that on a careful 
observation of the absolute and relative 
concentrations of these radionuclides 
at several periods during storms, it will 
be possible to define the processes re- 
sponsible for changes in radionuclide 
ratios and to learn a great deal about 
in-cloud residence time of aerosols, and 
the efficiency of in-cloud and below- 
cloud scavenging of aerosol particles 
by precipitation. 
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Urban Haze: The Extent 

of Automotive Contribution 

Abstract. Observation of the correla- 
tion .between nitrogen oxides and the 
extinction coefficient of atmospheric air 
suggests that the automobile exhaust 
aerosol (nonphotochemical) may be im- 
portant to visibility in cities. 

It is frequently difficult to ascribe 
in a logical fashion the chemical com- 
position of urban air to specific emis- 
sions. Besides the difficult-to-describe 
mesoscale meteorological mixing proc- 
ess, the heterogeneity of sources and 
pollutants and a sometimes nearly ran- 
dom pattern of human activities pose 
serious difficulties for the scientist. Our 
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purpose is to describe one case in 
which some simplification seems justi- 
fied: the case of automobile-related 
urban haze. 

With an instrument described (1, 2), 
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the extinction coefficient (due to scat- 
ter) of a sample flow of atmospheric 
air was monitored continuously for 
about 9 months (3). Because the scat- 
tering coefficient is determined on a 
sample of a few liters, the resultant 
data are appropriate for studies of 
correlation of aerosol and gas pollutants, 
where the gas (such as SO2 or NOx) 
is measured in the same sample of 
air. These correlations are particularly 
pertinent since the light-scattering co- 
efficient can be used to infer the mass 
of particulates per volume of air 
(,ug/m3) (2). Although the correlation 
coefficient of SO2 with the scattering 
coefficient (and hence with particulate 
mass) was only 0.27 for about 3 
months (between September and De- 
cember 1966) of hourly averages, a 
higher and perhaps significant correla- 
tion of NOX (0.53) resulted from a 
similar number of hourly averages dur- 
ing the same period. Sulfur dioxide 
was measured with a Scientific Indus- 
tries conductimetric instrument; NOx, 
with Saltzman reagent in a Beckman 
Acralyzer. Air was sampled 13 m 
above a little-used street, and tests 
ascertained that local traffic was unim- 
portant to this study (4). 

This relation between NOx and 
scattering coefficient is also suggested 
by similar time dependencies of the 
average of hourly values for each, 
especially on weekdays (Fig. 1). A 
wind-rose pattern of scattering coef- 
ficient (Fig. 2a), corresponding closely 
to the asymmetric shape of Seattle, 
suggests a uniform production of par- 
ticulate matter rather than by a few 
point sources. The NOx wind-rose pat- 
tern (Fig. 2b) has some similar fea- 
tures: a concentric pattern, with high 
values toward the northwest and low 
values to the southwest, corresponding 
to the shortest trajectory over popu- 
lated areas for clean maritime air 
masses. Meteorological data were ob- 
tained from Sand Point Naval Air Base, 
Seattle, which is about 5 km north- 
east of the sampling site. Once again, 
study of systematic influences of this 
distance found them unimportant to 
the results of this report (4). 

Although not conclusive, our data 
suggest a source of part of the urban 
haze in some cities: the automobile. 
Although no estimates were made of 
sources of NOx other than traffic, Fig. 

the extinction coefficient (due to scat- 
ter) of a sample flow of atmospheric 
air was monitored continuously for 
about 9 months (3). Because the scat- 
tering coefficient is determined on a 
sample of a few liters, the resultant 
data are appropriate for studies of 
correlation of aerosol and gas pollutants, 
where the gas (such as SO2 or NOx) 
is measured in the same sample of 
air. These correlations are particularly 
pertinent since the light-scattering co- 
efficient can be used to infer the mass 
of particulates per volume of air 
(,ug/m3) (2). Although the correlation 
coefficient of SO2 with the scattering 
coefficient (and hence with particulate 
mass) was only 0.27 for about 3 
months (between September and De- 
cember 1966) of hourly averages, a 
higher and perhaps significant correla- 
tion of NOX (0.53) resulted from a 
similar number of hourly averages dur- 
ing the same period. Sulfur dioxide 
was measured with a Scientific Indus- 
tries conductimetric instrument; NOx, 
with Saltzman reagent in a Beckman 
Acralyzer. Air was sampled 13 m 
above a little-used street, and tests 
ascertained that local traffic was unim- 
portant to this study (4). 

This relation between NOx and 
scattering coefficient is also suggested 
by similar time dependencies of the 
average of hourly values for each, 
especially on weekdays (Fig. 1). A 
wind-rose pattern of scattering coef- 
ficient (Fig. 2a), corresponding closely 
to the asymmetric shape of Seattle, 
suggests a uniform production of par- 
ticulate matter rather than by a few 
point sources. The NOx wind-rose pat- 
tern (Fig. 2b) has some similar fea- 
tures: a concentric pattern, with high 
values toward the northwest and low 
values to the southwest, corresponding 
to the shortest trajectory over popu- 
lated areas for clean maritime air 
masses. Meteorological data were ob- 
tained from Sand Point Naval Air Base, 
Seattle, which is about 5 km north- 
east of the sampling site. Once again, 
study of systematic influences of this 
distance found them unimportant to 
the results of this report (4). 

Although not conclusive, our data 
suggest a source of part of the urban 
haze in some cities: the automobile. 
Although no estimates were made of 
sources of NOx other than traffic, Fig. 
1 and previous work (5) indicate that 
such were probably unimportant. The 
data in Fig. 1 resemble results ob- 
tained in California towns (5) in which 
automobiles clearly dominate the diur- 
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