
light intensity increases, our modulat- 
ing chloroplast would gradually shunt 
into operation a larger number of re- 
ducing centers, so that at infinitely high 
light intensity, for example, as many as 
one reducing center per ten chlorophyll 
molecules might become active. Such a 
modulating chloroplast should be able 
to operate at an efficiency equal to the 
quantum efficiency of photosynthesis 
over all light intensities from zero to 
that of full sunlight. Might it not be 
possible to breed plants for such an 
improved and more sophisticated type 
of chloroplast structure? It seems today 
a difficult problem. Perhaps it is an 
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insoluble one. But it is certainly a goal 
worthy of consideration. The fruits 
would be large indeed (15). 
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Widely different values have been 
reported in the past for the stratospheric 
residence time of strontium-90. Libby 
(1) first pointed out the long residence 
of Sr90 in the stratosphere and estimated 
,the mean stratospheric storage time to 
be 5 to 10 years. Machta and List (2) 
estimated the mean removal rate to be 
about 20 percent per year but later 
pointed out the possibility that the 
actual removal rate might be much 
greater (3). Kulp (4) proposed a value 
of 3 years for the residence time, and 
Storebo (5) reported that the residence 
time in the stratosphere should not be 
much more than 1 year, while Feely 
(6), in 1960, estimated the residence 
half-time to be less than 1 year, equiva- 
lent to a mean residence time of less 
than 18 months. 

Martell and Drevinsky (7, 8), on the 
other hand, have reported that the con- 
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cept of a well-mixed stratosphere and 
a mean stratospheric storage time ap- 
pear largely inapplicable to the inter- 
pretation of stratospheric fallout. They 
proposed three stratospheric residence 
times, instead of one: (i) a few months 
or more for Soviet test debris in the 
polar stratosphere; (ii) 1 to 3 years for 
debris in the lower equatorial strato- 
sphere; and (iii) 5 to 10 years for the 
debris at higher levels near the equator 
Libby (9) has expressed a similar view 

Kuroda, Hodges, and Fry (10) have 
reported, however, that their data sug 
gested an overall rate for transfer or 
Sr90 from the stratosphere which is 
roughly equivalent to an "apparent' 
mean stratospheric storage time of ap 
proximately 1 year or even less. 

Since the measurements of the Sr' 
concentrations in the entire series ol 
rainfalls that occurred at Fayetteville 
Arkansas, during the period 195~ 
through 1960 have been completed ii 
our laboratory, it has now become pos 
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sible to make an estimate of the overall 
average annual rate of transfer of Sr90 
from the stratosphere without making 
many assumptions, such as previous 
workers had made, concerning the 
quantities and the origins of Sr90 injected 
into the stratosphere since the testing 
of nuclear weapons began. The test- 
suspension period provided an ideal op- 
portunity to carry out this investigation. 
Fortunately, the stratospheric inventory 
of Sr90 was not much affected by the 
two small atom-bomb explosions set 
off by the French during this period 
(11). 

The overall average residence time of 
Sr90 in the stratosphere, 0.7 ? 0.1 year 
(a value which corresponds to a resi- 
dence half-time of 0.5 ? 0.1 year) as 
determined from the data on Sr90 con- 
centration at Fayetteville from 1958 
through 1960, is similar to the value 
given by Martell and Drevinsky (7, 8) 
for debris from Soviet tests (Fig. 1). 

Concentration in Rain 

Monthly average concentrations of 
Sr90 in rain (C) were calculated from 
the equation 
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where 2F is the total amount of Sr90 
(in 10-~ curies per square meter) trans- 
ported by rain during the period of a 
month and YR is the total rainfall (in 
millimeters) during the same period. 
The values for C are shown in Table 1. 

The data show that there is a marked 
seasonal variation of the Sr90 concentra- 
tion in rain and that the concentration 
follows a cyclic pattern, with a maxi- 
mum in the spring and a minimum in 
the fall, indicating that the rate of 
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transfer of Sr0? from the stratosphere is 
maximal in the spring months and mini- 
mal in the fall months. 

The values for monthly average con- 
centration of Sr90 in rain are not very 
accurate, since the amount and fre- 
quency of rainfall vary from month to 
month. For example, the value of C 
for the month of November 1959 is 
based on measurement of a single rain- 
fall. An exceptionally dry month is 
often followed by an unusually wet 
month. For this reason we decided to 
calculate the average bimonthly concen- 
trations, simply by taking the arithmetic 
average of the values of C for two con- 
secutive months. The average bimonthly 
concentrations of Sr9? for the first year 
(Ci) and for the second year (C2) are 
shown in Table 2. 

The increase in the stratospheric in- 
ventory of Sr90 in the Northern Hemi- 

50 

sphere resulting from the French nu- 
clear detonations of February and April 
1960 was calculated to be approximately 
0.1 to 0.2 percent (11). Thus, we may 
neglect the contribution from the 
French nuclear detonations in the cal- 
culation that follows. Contributions 
from tropospheric fallout from the 
French tests and the Soviet tests in the 
fall of 1958 appear to have been less 
than a few percent and hence should 
not affect the calculation significantly. 

Let us now compare the bimonthly 
concentration of Sr90 during a 2-month 
period of the first year (Ci) with that 
during the same 2-month period of the 
following year (C2). The average con- 
centrations of Sr9" in rain certainly 
depend upon various factors, such as 
the type, total amount, and frequency 
of rainfall. However, we assume that 
the ratio C2 /C is proportional to the 

1959 
SPRING PEAK 

ratio of the stratospheric inventories of 
Sr90 during the two bimonthly periods 
under consideration; that is, 

(2) 

where Si and S2 are the inventories of 
Sr"0 in the stratosphere during the 2- 
month period in the first and second 
years, respectively. 

The value for S2 will be smaller than 
the value for Si because Sr90 will have 
been removed from the stratosphere in 
the interim through fallout and radio- 
active decay. Hence, we may write 

S2 = Se -(a+ Xo) (3) 

where X90 is the decay constant and a 
is a value which depends upon the 
annual average rate of stratospheric 
fallout. 

From Eqs. 2 and 3 we have 

C2 - Ce(a+xe 
o) (4) 

The values for a were calculated from 
Eq. 4 and from the data given in Table 
2; they are shown in Table 3. 

The values for a thus obtained are 
fairly constant, suggesting that the year- 
to-year decrease in the stratospheric in- 
ventory of Sr9? may be expressed by 
the general equation 

S - S,e -(a + Xoo)t 
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Fig. 1. Seasonal variation of the concentration of Sr90 in rain at Fayetteville, Arkansas, 
from 1958 through 1960. 
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where So is the initial inventory of Sr` 
and S is the inventory exactly t (= 
1,2,3, . . .) years later. 

Hence, we may define 1/a as the 
mean residence time and In 2/a as the 
residence half-time of Sr90 in the strato- 
sphere. The values thus obtained for 
mean residence time (0.7 ? 0.1 year) 
and residence half-time (0.5 - 0.1 
year) are lower than the estimated 
values given by previous investigators 
and similar to the value given by Mar- 
tell and Drevinsky (7, 8) for debris 
from Soviet tests. 

Discussion 

An interpretation of values for strato- 
spheric fallout of Sr9 that is based on 
the cyclic pattern of the seasonal varia- 
tion in the Sr"9 concentration in rain 
presented in this article and on the 
short overall average residence time in 
the stratosphere of 0.7 ? 0.1 year cal- 
culated for Sr? eliminates some of the 
complications and confusions intro- 
duced by previous investigators. 

Martell's estimate of the residence 
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(5) 

C,/C, = S2/S 



Table 1. Average monthly concentrations of 
Sr?? in rain at Fayetteville, Arkansas. 

C C Month Year Year 
(4/c /lit.) (4LC /lit.) 

November 1958 2.90 1959 0.3 
December 1958 6.97 1959 2.36 
January 1959 11.4 1960 1.04 
February 1959 10.7 1960 3.79 
March 1959 13.8 1960 2.98 
April 1959 24.1 1960 3.23 
May 1959 18.7 1960 1.92 
June 1959 5.63 1960 3.35 
July 1959 4.82 1960 0.75 
August 1959 2.02 1960 1.13 
September 1959 0.80 1960 0.75 
October 1959 3.35 -1960 0.4 

time for debris in the equatorial strato- 
sphere is based on a very limited num- 
ber of data obtained by Stewart and his 
co-workers (12) in 1957. Martell com- 
pared the concentrations of Sr90 in four 
samples of rain that fell at Milford 
Haven, Wales, about 6 months after the 
U.S. Redwing test series of May through 
July 1956 with the concentrations of 
Sr90 in seven samples of rain collected 
about 6 months after the Soviet test 
series of August through November 
1955. Assuming that the Sr90 found in 
the rain samples was almost entirely 
stratospheric debris from these two test 
series, he argues (i) that the concen- 
tration of Sr90 in rain collected 6 months 
after the Soviet tests was higher by a 
factor of 10 than the concentration in 
rain after the U.S. Redwing test series, 
in terms of concentration of Sr90 per 
megaton of test source, and (ii) that 
factors of storage time and latitude 
selectivity must account for the differ- 

Table 2. Average bimonthly concentrations of 
Sr90 in rain at Fayetteville, Arkansas. 

Period Year 

Nov.-Dec. 1958 
Jan.-Feb. 1959 
Mar.-Apr. 1959 
May-June 1959 
July-Aug. 1959 
Sept.-Oct. 1959 

C 
(rc f/lit.) 

4.94 
11.1 
19.0 
12.2 
3.42 
2.08 

Year (c c/lit.) 

1959 1.33 
1960 2.42 
1960 3.11 
1960 2.64 
1960 0.94 
1960 0.58 

ence in the amounts of fallout from the 
Soviet and from the equatorial tests. 

As we pointed out earlier in this 
article, however, the rate of transfer of 
Sr90 from the stratosphere in the spring 
months appears to be higher than the 
average annual rate by a factor of 3 
or 4, whereas the rate of transfer is 
lower in the fall months, by a similar 
factor. Hence, if the fallout from nu- 
clear detonations which occur in the 
fall months, such as the 1955 Soviet 
test series, is observed during the spring 
months of the next year, the fallout rate 
appears to be higher than the average 
annual rate by a factor of 3 to 4. On 
the other hand, if the fallout from nu- 
clear detonations which occur in the 
summer months, such as the U.S. Red- 
wing series, is observed during the fall 
months of the same year, the fallout 
rate appears lower than the average 
annual rate by a factor of 3 to 4. Thus, 
Martell overestimated, by a large factor, 
the rate of fallout from the Soviet tests 
relative to the rate for the equatorial 
tests. 

Martell's assumption that essentially 
all of the fallout of Sr90 for the period 
September to December 1956 was asso- 
ciated with debris produced by the Red- 
wing tests seems to contradict his con- 
clusion that debris injected at higher 
levels near the equator by the 1954 
Castle test series had a residence time 
of 5 to 10 years. 

The tungsten- 185 data can be utilized 
for calculating the mean residence time 
of this isotope in the stratosphere. The 
concentrations of W'8 in individual New 
England rains, reported by Martell and 
Drevinsky (8), suggest that the average 
bimonthly concentration during the 
period September to October 1958 was 
of the order of 500 disintegrations per 
minute per liter (Ci), and that during 
the period September to October 1959 
it was about 100 disintegrations' per 
minute per liter (C2). Since the W" 
data are corrected for decay to 15 June 
1958, we can calculate the value of a 
from the equation 

C2 = C-e-4 (6) 

Table 3. Mean residence time and residence 
half-time of Sr90 in the stratosphere. 

Mean Resi- 
P- residence dence Period a time, 1/a half-time 

(yr) (yr) 

1958, 1959 
Nov.-Dec. 1.28 0.78 0.54 

1959, 1960 
Jan.-Feb. 1.49 0.67 0.46 
Mar.-Apr. 1.78 0.56 0.39 
May-June 1.49 0.67 0.46 
July-Aug. 1.26 0.79 0.55 
Sept.-Oct. 1.25 0.80 0.55 
Average 1.42 0.71 0.49 

A value of a = 1.6, corresponding to 
a mean residence time of 1/a -= 0.63 
and a residence half-time of 0.43 year 
is thus obtained from the W85 data. 
These values are in excellent agreement 
with the corresponding values obtained 
from the data on concentration of Sr90 
(13). 

Note added in proof: The 1961 spring 
peak, which was nearly as high as the 
1960 peak, was observed in our labo- 
ratory and elsewhere. We interpret the 
height of this peak to mean that the 
contribution from debris from much 
higher levels of the stratosphere became 
predominant after 1960. 
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