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While these comments are stimulated by two articles
on the Colorado State University (CSU) Climax I and
II wintertime orographic cloud seeding experiments
(Rangno and Hobbs 1987, 1993), they provide an op-
portunity to reflect in general on these experiments.
Because Rangno and Hobbs (1987, 1993) question
both the randomization and data of the Climax I and
II experiments, I shall address these two specific ques-
tions and also add a few other comments, which might
be relevant and of interest.

I first became aware of the Climax I experiment in
January of 1964 (just after completing a Ph.D. in Bio-
statistics at the University of Minnesota) when F. A.
Graybill of the CSU Mathematics and Statistics De-
partment introduced me to L. O. Grant of the CSU
Atmospheric Science Department. Consequently, I am
not able to claim any credit for having designed the
Climax experiments. Distinguished individuals such as
F. H. Ludiam, V. J. Schaefer, and J. E. McDonald
contributed to L. O. Grant’s design of the Climax ex-
periments.

1. Randomization

The randomization scheme of the experimental units
in the Climax I experiment involved a sequence of ran-
domly ordered pairs of seed and no-seed decisions
(randomized blocks of size two consisting of one seed
and one no-seed decision). Both the scheme and its
implementation were provided by F. A. Graybill and
D. L. Bentley, also of the CSU Mathematics and Sta-
tistics Department. Besides the fact that they provided
and implemented the randomization scheme of the
Climax I experiment, these statisticians played no fur-
ther roles with the Climax experiments. I did prepare
the randomization scheme for the entire Climax II ex-
periment. The sequence of seeded and nonseeded ex-
perimental units for the Climax II experiment consisted
of varying sized randomized blocks of randomly or-
dered seed and no-seed decisions with the restriction
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that the number of seed and no-seed decisions in each
block would be equal (about 20-50 decisions consti-
tuted each block). This altered randomization se-
quence for the Climax Il experiment was prompted by
a discussion with J. Neyman (a University of California
statistician ) who stressed the importance of allowing
for longer sequences of either adjoining seeded or ad-
joining nonseeded experimental units. The experi-
mental units of the Climax experiments were 24-h pe-
riods (the starting times of experimental units near the
start of the Climax I experiment differed from the last
part of the Climax I experiment and the Climax II
experiment; the times were changed to make the over-
lap between two adjoining experimental units occur
during a pronounced diurnal minimum in precipita-
tion, which was observed after the Climax I experiment
had already started ). The experimental design and re-
lated details are described elsewhere (Grant 1986;
Grant and Mielke 1967; Mielke et al. 1970, 1971,
1981b). It should be noted that the particular random-
ization sequence of the Climax experiments has been
questioned by Rangno and Hobbs (1987, 1993). Un-
fortunately, every experiment is at the mercy of its ob-
served randomization sequence, no matter how pe-
culiar it may seem. Criticism at this stage of an exper-
iment is not justified. Replications are necessary to
resolve issues regarding the randomization sequence.

The fact that meteorological conditions vary tre-
mendously over a 24-h period has also been a concern.
At the time the analyses were accomplished, it seemed
important to have the analysis and experimental units
be identical (i.e., 24-h periods). I now feel this notion
of identical units may have hindered improved anal-
yses. A suggestion by L. O. Grant to imbed eight 3-h
analysis units on each 24-h experimental unit would
yield a vast improvement since the atmospheric con-
ditions are more uniform during a 3-h period than a
24-h period. (I hope that these alternative analyses will
be completed. )

Since the random seed and no-seed decisions of the
Climax I and II experiments were imbedded on a se-
quence of experimental units selected by U. S. Weather
Bureau (USWB) duty forecasters in Denver, Colorado,
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these experiments could not have been deliberately
biased by the Climax experimenters. The experimental
design removed any involvement by the Climax ex-
perimenters in either the experimental unit declarations
or the seed and no-seed decisions. Consequently, the
Climax experimenters could not have excluded (or in-
cluded) specific experimental units in their analyses to
enhance the apparent effect of seeding. Many potential
experimental units of both the Climax I and II exper-
iments were eliminated because of wrong forecasts by
the USWB. In addition, the Climax I experiment was
shut down for specific periods of time because of either
inadequate funding or interference by commercial
seeding operations (Grant and Mielke 1967, p. 127).
Even though there were no funding problems, the Cli-
max II experiment was shut down for specific periods
because of interference by commercial seeding oper-
ations. The Climax experiments were conducted in as
honest a manner as any experiments I have ever en-
countered.

2. Target data

Another concern I wish to address involves precip-
itation data from USWB Station 05-1660, the Climax,
Colorado hourly recording gauge (CRG). It was nec-
essary to take the data directly from the raw output of
CRG since it would have taken a number of years be-
fore the “official” USWB (now National Weather Ser-
vice) data would be available from Asheville, North
Carolina. Each precipitation value considered here is
a 24-h period corresponding to a 24-h experimental
unit of the Climax I and II experiments. Let CRG-1
denote the “official” CRG data reduced by USWB per-
sonnel, let CRG-2 denote the CRG data reduced by
CSU personnel, and let HAO denote the snowboard
at the High Altitude Observatory (1 m from CRG).
The CRG and HAO data were collected by the same
observers of the National Center for Atmospheric Re-
search and the University of Colorado during Climax
I and the first part of Climax II. A USWB observer
from Leadville obtained the CRG and HAO data dur-
ing the last part of Climax II after the High Altitude
Observatory was closed. Also let ESO denote either (i)
the average of CRG-2 and HAO when neither is miss-
ing, (ii) either CRG-2 or HAO when the other is miss-
ing, or (iii) the average of the Climax experiment
snowboards 9 and 11 (located 1 mile to the south and
north of CRG and HAO at the summit of Fremont
Pass, respectively). Case (iii) was invoked for only 11
of the 623 experimental units of the Climax I and II
experiments when both CRG and HAO were missing
(Table 1 contains the frequencies of existing values for
CRG-1, CRG-2, HAO, and ESO). An examination of
Table 1 shows that 100, 110, and 68 of the total 623
experimental units are missing for CRG-1, CRG-2, and
HAO, respectively.
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TABLE 1. All experimental units of the Climax I
and II experiments.

One-sided P values

Sample sizes Double
(seed, nonseed) CO Cl1 2 ratio
Climax I
CRG-1 (104, 115) 0.245 0459 0523 0.989
CRG-2 (99, 113) 0.217 0.386 0466 1.000
HAO (101, 114) 0.365 0.166 0.134 1.120
ESO (120, 131) 0.377 0247 0.213 1.092
Climax II
CRG-1 (149, 155) 0.622 0490 0490 0948
CRG-2 (147, 154) 0.716 0.649 0.641 0915
HAO (170, 170) 0.165 0.065 0.0S5 1.098
ESO (182, 190) 0.108 0.162 0.179 1.056
Climax I and 11
CRG-1 (253, 270) 0.270 0.542 0.521  0.967
CRG-2 (246, 267) 0.675 0.563 0.574 0.957
HAO (271, 284) 0.168 0.041 0.029 1.109
ESO (302, 321) 0.200 0.145 0.115 1.073

It is important to note that Rangno and Hobbs
(1987, 1993) require that analyses must be based on
the “official” CRG-1 data. I consider it extremely risky
to rely on data of which over 10% are missing (over
16% of the data are missing for CRG-1 and CRG-2).
This is especially so because missing data are almost
never lost randomly (this implies that any analysis
based strictly on either CRG-1, CRG-2, or HAO has
the possibility of being severely flawed ). An inspection
of the CRG raw data shows that most of the missing
CRG-1 and CRG-2 values arise due to carrying over
data from adjacent 24-h periods (i.e., a large portion
of experimental units were missed when snow actually
occurred). A specific example involving existing data
occurred on 13 April 1969 when the precipitation val-
ues in inches of water were 0.60, 0.21, and 0.19 for
CRG-1, CRG-2, and HAO, respectively (an inspection
of the data indicates that about two-thirds of the CRG-
1 value is carried over from the previous day; the car-
ryover approach used by USWB personnel is good for
climatological purposes, but bad when the data are used
to analyze specific 24-h periods). Another feature,
which was overlooked for a long time with the CRG-2
and HAO data, was that the values were interchanged
for four of the five years during the Climax 1I experi-
ment and, thus, affected the results pertaining specifi-
cally to analyses involving CRG-2 and HAO in two
papers (Mielke et al. 1971, 1981b). While the HAC
and CRG-2 sites were only 1 m apart, the days with
missing values were not the same (the ESO data re-
mained the same due to its definition ). The question
regarding CRG-1 unfortunately raises an additional
concern involving some subsequently discussed control
data that were also based on hourly recording gauge
data (being “official” does not imply that the values
are correct),
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TABLE 2. 500-mb warm temperature partition
(—20°C < T < -11°C).

One-sided P values

Sample sizes Double
(seed, nonseed) CO Cl C2 ratio
Climax I
CRG-1 (32, 39) 0216 0.160 0.169 1.254
CRG-2 (29, 37) 0.111  0.071 0.087 1318
HAO (30, 37) 0.062 0.013 0.009 1.616
ESO (35, 41) 0.153 0.038 0.021 1.542
Climax 11
CRG-1 (63, 57) 0.061 0.189 0.238 1.041
CRG-2 67, 61) 0.003 0.026 0.081 1.029
HAO (69, 62) 0.001 0.005 0.017 1.130
ESO (73, 68) 0.003 0.020 0.056 1.094
Climax Fand II
CRG-1 (95, 96) 0.057 0.131  0.147 1.135
CRG-2 (96, 98) 0.003 0.018 0.047 1.156
HAO (99, 99) 0.0003 0.0004 0.001 1.308
ESO (108, 109) 0.002 0.004 0.007 1.260

3. Control data

The eight control stations of the Climax I and II
experiments (Grant and Mielke 1967, p. 128) were
selected by the end of the third year of the Climax I
experiment (Grant and Mielke 1967, p. 119). The se-
lections were based on a stepwise regression algorithm
using standard USWB stations southwest, west, and
northwest of the target. Even though data from the
eight control stations were used by Grant and Mielke
(1967), the 1dentification of these eight control stations
was given later (Mielke et al. 1981b). The oversight of
not identifying the eight control stations in the original
paper was my error. The initial analyses of the Climax
I and 1l data (Mielke et al. 1970, 1971) were obtained
without the control data (another retrospective blunder
on my part). [ was presented some material a few years
later by J. Owen Rhea, which raised severe concerns
in my mind about the possibility (Mielke 1979). This
concern then led to the reanalysis paper (Mielke et al.
1981b), which finally accounted for the control data
and ended up with much stronger statistical results
(lower P values) than had been obtained in the previous
analyses (Mielke et al. 1970, 1971). The Mielke et al.
(1981b) paper reflects my present view on this topic.

4. Partitions

The partitioning criteria (e.g., S00-mb temperatures
and 700-mb wind directions) of the Climax I and II
experiments were based on objective procedures that
"did not depend on the target response variables (specific
names of individuals who performed this important
task included Charles F. Chappell and J. Michael
Fritsch). Analyses of the type contained in Mielke et
al. (1981b) for CRG-1, CRG-2, HAO, and ESO are

JOURNAL OF APPLIED METEOROLOGY

VOLUME 34

given (despite the possibility of obvious flaws involving
CRG-1, CRG-2, and HAO results due to missing data)
for comparative purposes in Tables 1, 2, and 3 for all
experimental units, the 500-mb warm temperature
partition, and the 700-mb southwest wind direction
partition, respectively. ( The CRG-2 and HAO Climax
II data have been corrected. ) The choice of the warm
500-mb temperature partition (= —20°C) was based
on physical criteria due to F. A. Ludlum before any
statistical tests were performed on data of the Climax
I experiment (Grant and Mielke 1967, p. 128). The
results given in these analyses for ESO are consistent
with my present view involving the Climax I and II
experiments. The CRG-1, CRG-2, and HAO results
must naturally be questioned due to the fact that a
large amount of possibly pertinent data are missing.
However, the ESO results account for every one of the
623 Climax I and I experimental units.

The subsequent use of the control data eliminated
my previously stated concern that the Climax results
could have been the result of a type 1 statistical error
(Mielke 1979). Since I did not use the control data in
the initial analyses (the last few years of the control
data were not even entered in the Climax dataset until
late in 1979 when we began the reanalysis of the Climax
experiments using the control data), the use of the
control data was a personal test of my stated concern.
The results of the Mielke et al. (1981b) paper dem-
onstrated that the concern cited in my 1979 comment
was not justified. Since these data remain available, 1
do not understand why Rangno and Hobbs (1987,
1993) did not attempt to test statistically the conjec-
tures they have made. (Perhaps the data would support
their conjectures regarding the Climax I and 11 exper-
iments as well as they supported my 1979 type I sta-

TABLE 3. 700-mb southwest wind direction
partition (190° < D < 250°).

One-sided P values

Sample sizes Double
(seed, nonseed) CO C1 C2 ratio
Climax I
CRG-1 (21, 20} 0.174 0.040 0.031 2.224
CRG-2 (19, 20) 0.168 0.029 0.024 2.258
HAO (23, 23) 0.190 0.062 0.062 1.484
ESO (26, 25) 0.168 0.040 0.050 1.544
Climax II
CRG-1 (43, 36) .0.049 0.051 0.108 1419
CRG-2 (44, 38) 0.016 0.027 0.058 1.366
HAO (47, 42) 0.003 0.003 0.007 1.552
ESO (52, 48) 0.003 0.005 0.012 1417
Climax [ and I
CRG-1 (64, 56) 0.014 0.006 0.012 1.673
CRG-2 (63, 58) 0.007 0.004 0.008 1.635
HAO (70, 65) 0.003 0.001 0.003 1.500
ESO (78, 73) 0.002 0.001 0.004 1.463
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tistical error conjecture. ) My present conclusion is that
the data do support the alternative hypothesis that
cloud seeding did increase precipitation amounts in
the target area of the Climax I and II experiments dur-
ing the meteorological partitions associated with Tables
2 and 3.

5. A methodological issue

The final topic of these comments involves a conflict
between the data analyses and an initial recognition of
a fundamental flaw in the statistical techniques used
to implement the Climax analyses. The nonparametric
analyses in the Mielke et al. (1981b) paper were based
on statistical techniques described in Mielke (1972).
During the revision of another manuscript (Mielke et
al. 1981a), it came to my attention for the first time
that the statistical techniques contained in Mielke
(1972) were geometrically inconsistent with the data
being analyzed. ( This concern still disconcertingly per-
tains to some of the most commonly used statistical
techniques such as the two-sample ¢ test, one-way
analysis of variance, the Wilcoxon~-Mann-Whitney
rank test, and many other routinely used statistical
methods. ) The latter observation was analogous to de-
veloping a physical model for universe 4 with entirely
different physical principles of a universe B. This
problem with statistics is a consequence of C. F. Gauss’s
default contribution of least-squares regression simply
because he lacked the computational power around
1805 to implement an alternative regression technique
(Mielke 1991; Sheynin 1973). Consequently, two fur-
ther analyses of the Climax experiments were per-
formed to ensure that the data space and analysis space
were congruent with one another (Mielke 1985; Mielke
et al. 1982). Since double ratio estimates were com-
monly used in weather modification and were also se-
riously affected by this previously mentioned geometric
inconsistency, an alternative ratio estimator was also
suggested (Mielke and Medina 1983) to overcome this
geometric concern, which was on my mind at the time.
Hopefully, this discussion explains why these reanalyses
continued to appear after the Mielke et al. (1981b)
reanalysis paper. ( These efforts were driven by purely
statistical concerns and without regard to the Climax
I and II experiments. )

6. A general appraisal

The patterns of differences between target and con-
trol means for seeded and nonseeded experimental
units of the warm 500-mb temperature partition in
Table 1 of Mielke (1985) is consistent with my present
feeling about the effects of orographic cloud seeding:
1) some cases, which would naturally have no precip-
itation, will have small amounts, 2) some cases with
small amounts will be increased, and 3) little or no
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increases occur with cases involving larger storms with
an adequate natural seeding mechanism. Another fea-
ture, which has seemed peculiar to me, is that so much
attention has continually been placed on the warm 500-
mb temperatures when the southwest 700-mb wind
directions yield extremely consistent positive results
for all the analyses of both Climax I and II (Mielke et
al. 1971, 1981b). Perhaps this arises because the 700-
mb wind directions were not mentioned in either Grant
and Mielke (1967) or Mielke et al. (1970); this may
be attributed in part to an emphasis at the time on
J. W. Tukey’s notion of exploratory and confirmatory
experiments. An exploratory experiment is the usual
type of experiment that is intended to explore possible
effects, which might be attributed to a specific treat-
ment. (Such effects may not be anticipated in advance
of the experiment.) In contrast, a confirmatory exper-
iment is designed to confirm one or more specific effects
of a treatment, which have been well documented prior
to the experiment. When a substantial effect is dem-
onstrated in two or more carefully replicated indepen-
dent experiments, I feel the effect has been confirmed
(neglecting to state an effect in advance eliminates
being confirmed in the rigid sense of a confirmatory
experiment ). Since cloud seeding experiments involve
such complex phenomena, a sequence of well-designed
sets of replicated independent experiments is recom-
mended. When serious doubts arise for a given set,
then additional replications may be needed. While this
is admittedly a very time consuming process, techno-
logical development and improvement in a discipline
such as weather modification require this type of effort.
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