
revealing that a large percentage of the 
total mass of water in the form of 
numerous microdroplets was separated 
from a water drop by freezing. On the 
basis of these new observations and 
measurements with the support of 
photomicrographic evidence, I sug- 
gested (4) that the ejection of micro- 
droplets by the freezing of a super- 
cooled water drop may be important 
in studies of thundercloud dynamics 
and in the generation of thunderstorm 
electricity (5). 

A spectacular photograph of micro- 
scopic particles of water bursting from 
the drop in the process of rupture ap- 
peared in Kachurin and Bekryaev's 
paper (2). Unfortunately, the water 
drop was cooled in an environment 
consisting of a high concentration of 
carbon dioxide (6). No experimental 
data and no photomicrographic evi- 
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dence concerning the ejected micro- 
droplets were presented in the paper 
by Dye and Hobbs (3). 
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Cloud Seeding Experiments: Possible Bias Cloud Seeding Experiments: Possible Bias 

In recent months, Science has de- 
voted much attention to weather modi- 
fication experiments; I refer in par- 
ticular to the articles on the effects of 
cloud seeding in Florida by W. L. 
Woodley (1) and J. Simpson and W. L. 
Woodley (2). The purpose of this com- 
ment is to call attention to a possible 
source of bias that may have been over- 
looked in the design of these experi- 
ments, or might be overlooked in fu- 
ture experiments. 

I refer to what I shall call "selection 
bias," or bias introduced into an exper- 
iment by the manner in which the 
experimental subjects are selected. In 
any experiment (such as cloud seeding) 
in which two treatments are to be com- 
pared, it is well known that the results 
of the experiment may be biased if the 
experimental subjects (clouds) are se- 
lected with the knowledge of the treat- 
ment they are to receive. Simpson and 
Woodley have recognized this difficulty. 
They wrote (2), "The delivery racks 
were armed or disarmed in the rear of 
the aircraft by a 'randomizer,' who 
opened in secret the sealed envelopes 
containing the decisions. The envelopes 
were prepared by a statistician to say 
'seed' or 'no seed' according to a pro- 
cedure roughly similar to tossing a coin 
(but where long strings of successive 
identical instructions were precluded)." 

Precautions such as these may not 
be sufficient, however, to prevent the 
(usually subconscious) introduction of 
selection bias into the experiment. This 
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possibility always exists for experiments 
such as cloud seeding, in which the po- 
tential subjects arrive sequentially and 
are judged "suitable" or "not suitable" 
by the same scientists who are perform- 
ing the experiment. This was first stud- 
ied by Blackwell and Hodges (3), and I 
have discussed it further elsewhere (4). 

Nonmathematically, the potential dif- 
ficulty can be described by the follow- 
ing example. Suppose the scientist 
knows (after all, it is his experiment) 
that the experiment will consist of ap- 
proximately equal numbers of seeded 
and unseeded clouds. Envelopes con- 
taining instructions are prepared "at 
random" by a statistician. The scientist 
then judges a cloud "suitable" or "not 
suitable" and proceeds with the exper- 
iment as if he were seeding. After the 
plane alights, he is told whether the 
cloud was seeded or not seeded. It is 
this "post-trial" information that per- 
mits the introduction of bias. Indeed, 
at each stage of the experiment the sci- 
entist can "guess" on the basis of his 
past information what the next trial 
will be, which allows him to bias the 
experiment through his judgment of 
the suitability of the next cloud for 
seeding. Even though his "guesses" 
would not always be correct and this 
bias would usually operate subcon- 
sciously, Blackwell and Hodges have 
shown that there is no randomization 
that can eliminate the possibility of 
bias; in fact, selection bias can signifi- 
cantly distort the results of the experi- 
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ment regardless of the number of clouds 
seeded. It is true that the effect of this 
bias can be reduced by a suitable de- 
sign When the bias is operating sub- 
consciously (and even made negligible if 
the experiment is sufficiently large) (4). 

There are three ways in which the 
possibility of selection bias can be 
eliminated entirely: (i) Do not inform 
the scientist of the result of a trial until 
the entire experiment is complete. (ii) 
Perform a true coin flip at each trial 
(not "roughly similar to tossing a 
coin"). (iii) Have the judgment of suit- 
ability made by a third party, not in- 
formed about any other aspect of the 
experiment. Unfortunately all these al- 
ternatives have drawbacks. The first 
is often impractical as the scientist 
wants to know the results of the trials 
in order to decide when to terminate 
the experiment (actually, it is better to 
have the statistician make the decision). 
The second has the unpleasant possi- 
bility of providing a very unbalanced 
experiment (for instance, almost all 
clouds are unseeded), which makes a 
meaningful statistical analysis impossi- 
ble. The third is often impractical be- 
cause only those closest to the experi- 
ment may be entirely sure what is 
meant by "suitable." Other ways of 
eliminating bias are given by Hodges 
and Blackwell (3). 

It is not my intention to imply that 
the results of the Florida experiment 
are suspect because of the possibility of 
bias [particularly since the description 
of the design given in Science is incom- 
plete (2)]. I only wish to alert future 
experimenters to the dangers of bias 
associated with this type of experiment 
(similar difficulties are involved in some 
clinical trials), so that they may avoid 
controversy as to the validity of their 
conclusions. Hammond (5) points out 
that "even well-documented and ran- 
domized early experiments, such as the 
Whitetop trials . . ., produced ambigu- 
ous and disputed results." Weather 
modification is too important a field to 
allow even the possibility that large and 
expensive experiments will be disputed 
or incorrectly interpreted because of a 
faulty experimental design. 

STEPHEN M. STIGLER 

Department of Statistics, 
University of Wisconsin, Madison 53706 

References 

1. W. L. Woodley, Science 170, 127 (1970). 

ment regardless of the number of clouds 
seeded. It is true that the effect of this 
bias can be reduced by a suitable de- 
sign When the bias is operating sub- 
consciously (and even made negligible if 
the experiment is sufficiently large) (4). 

There are three ways in which the 
possibility of selection bias can be 
eliminated entirely: (i) Do not inform 
the scientist of the result of a trial until 
the entire experiment is complete. (ii) 
Perform a true coin flip at each trial 
(not "roughly similar to tossing a 
coin"). (iii) Have the judgment of suit- 
ability made by a third party, not in- 
formed about any other aspect of the 
experiment. Unfortunately all these al- 
ternatives have drawbacks. The first 
is often impractical as the scientist 
wants to know the results of the trials 
in order to decide when to terminate 
the experiment (actually, it is better to 
have the statistician make the decision). 
The second has the unpleasant possi- 
bility of providing a very unbalanced 
experiment (for instance, almost all 
clouds are unseeded), which makes a 
meaningful statistical analysis impossi- 
ble. The third is often impractical be- 
cause only those closest to the experi- 
ment may be entirely sure what is 
meant by "suitable." Other ways of 
eliminating bias are given by Hodges 
and Blackwell (3). 

It is not my intention to imply that 
the results of the Florida experiment 
are suspect because of the possibility of 
bias [particularly since the description 
of the design given in Science is incom- 
plete (2)]. I only wish to alert future 
experimenters to the dangers of bias 
associated with this type of experiment 
(similar difficulties are involved in some 
clinical trials), so that they may avoid 
controversy as to the validity of their 
conclusions. Hammond (5) points out 
that "even well-documented and ran- 
domized early experiments, such as the 
Whitetop trials . . ., produced ambigu- 
ous and disputed results." Weather 
modification is too important a field to 
allow even the possibility that large and 
expensive experiments will be disputed 
or incorrectly interpreted because of a 
faulty experimental design. 

STEPHEN M. STIGLER 

Department of Statistics, 
University of Wisconsin, Madison 53706 

References 

1. W. L. Woodley, Science 170, 127 (1970). 
2. J. Simpson and W. L. Woodley, ibid. 172, 117 

(1971). 
3. D. Blackwell and J. L. Hodges, Jr., Ann. 

Math. Stat. 28, 449 (1957). 
4. S. M. Stigler, Biometrika 56, 553 (1969). 
5. A. L. Hammond, Science 172, 548 (1971). 
24 May 1971 

SCIENCE, VOL. 173 

2. J. Simpson and W. L. Woodley, ibid. 172, 117 
(1971). 

3. D. Blackwell and J. L. Hodges, Jr., Ann. 
Math. Stat. 28, 449 (1957). 

4. S. M. Stigler, Biometrika 56, 553 (1969). 
5. A. L. Hammond, Science 172, 548 (1971). 
24 May 1971 

SCIENCE, VOL. 173 


