
JULY 2003 939W O O D L E Y E T A L .

q 2003 American Meteorological Society

Results of On-Top Glaciogenic Cloud Seeding in Thailand.
Part II: Exploratory Analyses

WILLIAM L. WOODLEY

Woodley Weather Consultants, Littleton, Colorado

DANIEL ROSENFELD

Hebrew University of Jerusalem, Jerusalem, Israel

BERNARD A. SILVERMAN

Englewood, Colorado

(Manuscript received 17 May 2002, in final form 11 February 2003)

ABSTRACT

Randomized, cold-cloud, rain-enhancement experiments were carried out during 1991–98 in the Bhumibol
catchment area in northwestern Thailand. Exploratory experimentation in 1991 and 1993 was followed by a
demonstration experiment, limited to A-type experimental units, to determine the potential of on-top silver iodide
seeding for the enhancement of area (1964 km2) rainfall. Analyses in a companion paper (Part I) established
that the Thai cold-cloud demonstration experiment, evaluated according to its original design, failed to reach
statistical significance in the time allotted to the experiment, although the probabilities that the seeding effects
were positive on the treated cells and units are 72% and 79%, respectively. The results of exploratory examination
of the entire demonstration experiment, including both A- and B-type experimental units, are presented herein.
The exploratory studies involved both cell [392 seeded (S) and 335 nonseeded (NS)] and unit (35 S and 35
NS) analyses, a bivariate analysis of the joint effects on cells and units, and the analysis of pooled results from
the exploratory experiment and the entire demonstration experiment. The results of these exploratory studies
strengthen the case for seeding-induced changes in rainfall that were indicated in the evaluation of the a priori
demonstration experiment. A multiple regression analysis to account for some of the natural rainfall variability
suggests, however, that the apparent seeding effect has been overestimated by about a factor of 2 (i.e., 192%
versus 148%). Temporal plots and analyses of unit rain-volume rates and cumulative rain volumes for seeding
effects revealed stronger statistical support for convective masses within the unit not having seeded ancestry,
as determined by radar, than for convective clusters with seeded ancestry. This result suggests that the effect
of seeding, which begins with the directly treated cells, is propagated to nonseeded clouds within the unit.
Enhanced downdrafts and/or ‘‘secondary seeding,’’ as discussed herein, are posited as possible propagation
mechanisms. Partitioning of the data by a crude aircraft measure of coalescence intensity revealed that the rain
volume from NS units increased as coalescence intensity increased, whereas the greatest mean S rainfall was
observed in the moderate coalescence category. The apparent seeding effects were .100% for units having
clouds with weak to moderate coalescence and were nonexistent for units having clouds with strong coalescence.
This was true also upon analysis of the cell sample. The implications of this and all results are discussed in the
context of the conceptual model guiding the experimentation.

1. Introduction

Thailand’s Applied Atmospheric Resources Research
Program (AARRP) was launched in 1988 as a joint
project of the royal Thai government (RTG) (Bureau of
Royal Rainmaking and Agricultural Aviation of the
Ministry of Agriculture and Cooperatives) and the U.S.
government (U.S. Agency for International Develop-
ment). The goal of the AARRP was to provide the RTG
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with the capability to conduct scientifically sound field
experiments to quantify the water augmentation poten-
tial of warm- and cold-cloud rainmaking techniques in
Thailand. It focused on theoretical and model studies
and on randomized exploratory experiments to deter-
mine which of the physically plausible warm- and cold-
cloud-seeding experiments warranted further testing and
the design of a follow-on project (AARRP phase 2) to
demonstrate their feasibility through proof-of-concept
statistical experiments. Randomized exploratory cold-
cloud experiments were conducted in Thailand for 1
week in 1991 and for 5 weeks in 1993 before the de-
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TABLE 1. Results of exploratory cell analyses for the demonstration
sample (RVOL values in kilotons or 103 m3). Dataset includes 392
AgI-seeded cells and 335 control cells.

Variable Mean S Mean NS
Seeding

effect (%)

90% Confidence
interval

Lower Upper

RVOL
HMAX
ZMAX
AMAX
RVRMAX
NCMAX
DUR

367.44
10.84
49.73
66.57

759.13
45.73
58.04

268.37
10.35
46.39
54.19

581.76
24.25
47.94

37
5
7

23
31
17
21

28
214
210
24
25
21
24

104
27
28
57
79
38
52

cision was made to proceed with a demonstration ex-
periment. Fifteen experimental units were obtained dur-
ing the 6 weeks of exploratory experimentation.

The demonstration experiment was carried out during
portions of April, May, and June in 1994–98 in the
Bhumibol catchment area in northwestern Thailand.
Woodley et al. (2003, henceforth referred to as Part I)
established that the experiment, evaluated according to
its original design (henceforth referred to as the a priori
demonstration experiment), failed to reach statistical
significance in the time allotted to it. The proportional
effect of seeding on unit rainfalls at 300 min after unit
qualification for the sample of 62 experimental units [31
seeded (S) and 31 nonseeded (NS)] was 46% with a
one-sided P value of 0.107. The proportional effect of
seeding on cell rain volume (RVOL) for 353 silver io-
dide (AgI)-seeded cells and 289 control cells receiving
simulated AgI (glaciogenic) treatment was 35%, with a
one-sided P value of 0.139. Although the evaluation of
units and cells fell short of the P-value threshold of
0.025 that was required for statistical significance, con-
fidence that the seeding effect was positive was 79%
and 72%, respectively.

The results of exploratory examination of the entire
sample of units and cells in the demonstration experi-
ment (henceforth referred to as the entire demonstration
experiment), consisting of 35 S and 35 NS units, are
presented here. The exploratory analyses are based on
the maximum lifetime properties of the units and include
8 units (4 S and 4 NS) for which the supercooled cloud
liquid water content (SLWC) requirement for unit qual-
ification (SLWC $ 1.0 g m23) was eliminated and the
85 cells (39 S and 46 NS) in the 8 additional units.
Confidence intervals are used as indicators of the ap-
parent seeding effects, because they indicate at some
specified level of confidence the range of the propor-
tional effect of seeding (i.e., SR 2 1, where SR 5 S/
NS).

The analyses of the primary and secondary response
variables begin with the convective cells, because it is
the cells that receive the treatment, and continue with
the unit analyses that also include multivariate analyses.
This is followed by pooling of the RVOL results of the
exploratory and demonstration experiments on the cell

and unit scales. Unit RVOL analyses also are made as
a function of whether the unit radar echoes had a trace-
able connection to earlier treatment (the floating target
vs its complement) and as a function of coalescence
activity. Seeding effects are adjusted for natural rainfall
variability through a multiple-regression relationship
that incorporates two covariate variables. The interpre-
tation of the seeding results in the context of the con-
ceptual model guiding the experimentation and their im-
plications are discussed.

2. Exploratory analyses of the demonstration
experiment

a. Cell analyses

The exploratory cell data from the entire demonstra-
tion experiment (i.e., A 1 B units), which include 392
AgI-seeded cells and 335 control cells that received sim-
ulated AgI (glaciogenic) treatment during the unit ex-
periments, were analyzed using the Rosenfeld long-
tracking software. The results of the S and NS analyses
for cells are presented in Table 1. Going from top to
bottom in the table, the mean maximum lifetime cell
parameters and their units are the (a) rain volume at
cloud base (103 m3), (b) maximum height of the 12-
dBZ echo [HMAX (km)], (c) maximum radar reflectiv-
ity at cloud base [ZMAX (dBZ)], (d) maximum echo
area at cloud base [AMAX (km2)], (e) maximum rain
volume rate through cloud base [RVRMAX (103 m3

h21)], (f ) maximum number of convective cells in the
contiguous echo in which the subject cell is embedded
(NCMAX), and (g) duration [DUR (min)]. RVOL,
AMAX, and RVRMAX were measured at a height of
2 km (approximately cloud base) using a threshold re-
flectivity of 12 dBZ. The calculation of NCMAX is not
limited by the boundaries of the moving target. From
left to right are listed the S and NS averages of a par-
ticular cell property. The seeding effect [100 (SR 2 1)]
expressed as a percentage comes next, where again SR
is the single ratio of S to NS for a particular variable.
This quantity is followed by the upper and lower bound
of the 90% confidence interval.

Note that the proportional effect of seeding on cell
RVOL is 37%. The lower and upper bounds of the cor-
responding 90% confidence interval are 28% and
1104%, respectively. Further, there is 81% confidence
that the seeding effect is positive, with the true effect
being in the range from 0% to 88%. Thus, the results
for the entire demonstration experiment are only slightly
stronger than the results for the a priori demonstration
experiment reported in Part I.

The other cell parameters suggest positive effects of
seeding, but their 90% confidence intervals include the
null effect. If seeding augmented the rain volume from
the convective cells, it was likely produced by increas-
ing their radar reflectivities, areas, rain-volume rates
(RVR), clustering with other clouds, and/or their du-
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TABLE 2. Results of exploratory unit analyses for the demonstration
sample (RVOL values in kilotons or 103 m3). Dataset includes 35
seeded and 35 nonseeded units.

Variable Mean S Mean NS
Seeding

effect (%)

90% Confidence
interval

Lower Upper

(a)
TT

RVOL
HMAX
ZMAX
AMAX

11 787.8
10.04
37.98

804.91

6097.7
10.27
41.02

620.81

93
22
27
30

2
211
215
24

267
7
0

75
RVRMAX
TNCELL
DUR

6059.91
39.4

311.97

3828.25
30.51

253.46

58
29
23

3
1
5

144
66
44

(b)
FT

RVOL
HMAX
ZMAX
AMAX

5318.2
12.42
51.89

396.64

3168
11.56
50.87

305.25

68
7
2

30

213
22
22

210

223
18

6
87

RVRMAX
TNCELL
DUR

4014.1
11.2

191.34

2821.6
8.51

166.29

42
32
15

28
24
26

121
80
39

(c)
TT 2 FT

RVOL
HMAX
ZMAX
AMAX

6469.6
8.81

28.95
697.26

2929.7
8.51

30.44
518.79

115
3

25
34

4
27

217
24

345
15

8
87

RVRMAX
TNCELL
DUR

4456.39
30.34

311.97

2536.17
24.49

253.46

76
24
23

5
25

5

194
61
44

ration. As noted in Part I, increased vertical growth of
the seeded cells, as inferred by measuring their echo
heights with radar, does not appear to have played a
major role in the apparent seeding-induced rainfall in-
creases. This was the case also in Texas (Rosenfeld and
Woodley 1993). This finding, which is contrary to the
dynamic-mode seeding hypothesis, is discussed later.

b. Unit analyses

The results of unit analyses are given in Table 2.
Examination of the rainfall from all echoes in the entire
moving experimental unit is called the total target (TT),
whereas the examination of the rainfall from those unit
echoes known to have seeded ancestry is called the
floating target (FT). The complement of the FT, which
is the difference between the TT and the FT, contains
the unit echoes that did not have treated ancestry. The
other unit response variables listed in Table 2 are com-
parable to those listed in Table 1 for the cells, except
that number of cells in the experimental unit (TNCELL)
replaces NCMAX.

Analysis of the 70 experimental units over their life-
times gave mean S and NS TT rain volumes of 11 787.8
3 103 and 6097.7 3 103 m3, respectively, and a pro-

portional effect of seeding of 193% on unit rain volume
(Table 2a). The lower and upper bounds of the corre-
sponding 90% confidence interval are 12% and
1267%, respectively. There is 91% confidence that the
seeding effect is positive, with the true effect being in
the range from 0% to 1274%. The results for the entire
demonstration experiment are considerably stronger
than the results for the a priori demonstration experi-
ment reported in Part I.

The apparent effects of seeding on the secondary re-
sponse variables for the units are similar to those cal-
culated for the convective cells, except for the HMAX
and ZMAX variables, which are positive for the con-
vective cells and negative for the experimental units.
Although the results for HMAX between cells and units
differ in sign, they are small and well within the sta-
tistical variability. The results for ZMAX cannot be dis-
missed as easily because the negative ZMAX result for
the units is strong. A possible reason for this strength
is presented in the discussion section.

Complicating the interpretation of the Thai cold-
cloud-seeding experiment are year-to-year differences
in rainfall, which might have natural or artificial causes
(e.g., radar miscalibration that survived the clutter re-
calibration), and the disproportionate draw of a partic-
ular treatment decision within an overly wet or dry year.
To account for such imbalances, the yearly unit RVOL
values were normalized to the mean NS RVOL for all
years. Although this procedure changes the unit values
within each year, it preserves the intrayear-seed-versus-
no-seed relationships and makes it possible to account
for year effects. The mean S and NS unit RVOL values
after normalization are 10 157 3 103 and 5403 3 103

m3, respectively, giving a proportional seeding effect of
188%. This exercise suggests that the assessment of
the effect of seeding is insensitive to year effects.

c. Multivariate analyses

A bivariate analysis on the simultaneous effects of
seeding on units and cells was conducted for the entire
demonstration experiment, as was done for the a priori
demonstration experiment in Part I. To satisfy compa-
rability of the unit and cell data, the cell dataset was
again limited to only those cells that were determined
upon postanalysis to have been treated within the con-
fines of the experimental units. It was found that the
Hotelling T square 5 2.93. Because this value is less
than 5 5.99, the result is not significant at the2x(2,0.95)

0.05 level and the null hypothesis cannot be rejected.
There is only about 30% confidence that the seeding
effect on both units and cells is simultaneously positive.
Thus, the results for the entire demonstration experiment
are only slightly stronger than the result for the a priori
demonstration experiment reported in Part I.
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TABLE 3. Results of pooled cell and unit RVOL analyses for the exploratory and demonstration samples
(RVOL values in kilotons or 103 m3).

Dataset N Mean S Mean NS Seeding effect (%)

90% Confidence interval

Lower Upper

Convective cells
Exploratory sample
Demonstration sample
Pooled sample

126
727
853

132.23
367.44

96.25
268.37

37
37
37

244
28
27

240
104
102

Experimental units
Exploratory sample
Demonstration sample
Pooled sample

15
70
85

4321.9
11 787.8

1936.7
6097.7

123
93
95

228
2
7

593
267
257

d. Pooled cell and unit analyses

To complete the overall cell and unit analyses, the
RVOL results for 15 units (8 S and 7 NS) obtained from
the exploratory tests in 1991 and 1993 were pooled with
the results from the entire demonstration experiment.
The results of each analysis were weighted according
to the sample size and inversely weighted with respect
to the variance. This approach should be contrasted con-
ceptually with the combination of datasets that are then
subjected to a single analysis. Because of the weighting,
the pooled RVOL results (Table 3) are little different
from those for the entire demonstration experiment. The
proportional effect of seeding on cells is 137%, with
lower and upper bounds of the 90% confidence interval
of 27% and 1102%. Likewise, pooling of the unit
RVOL results produced a slightly more positive pro-
portional seeding effects of 195%, with lower and up-
per bounds of the 90% confidence interval of 17% and
1257%, respectively.

3. Analyses of the floating target and its
complement

a. Floating-target analyses

The uncertainty concerning the propagation of seed-
ing effects within and outside the units was addressed
using analysis comparable to the floating-target analysis
that was developed for the Florida Area Cumulus Ex-
periment (FACE; Woodley et al. 1982). In the original
analysis all treated echoes and those echoes with which
they merged at the 30-dBZ contour were tracked man-
ually as the echo mass ‘‘floated’’ within the fixed FACE
target. This FT analysis was viewed as a more sensitive
measure of the effect of seeding than the TT analysis,
because it kept track of echo entities that were known
to have treated ancestry by virtue of direct treatment or
through merger with treated echoes.

This is the same rationale for making FT analyses in
the Thai cold-cloud experiment, where again the FT is
the portion of unit echoes known to have seeded an-
cestry. If the S FT persists within the moving experi-
mental unit long after seeding has ceased, it would be

easier to argue for long-lasting seeding effects than if
the floating target dies shortly after seeding has ceased.

The Thai floating-target analysis was accomplished
by first writing the software needed to specify the treat-
ment ancestry versus time of all cells within the ex-
perimental unit. Once written, the cell tracking was ob-
jective and was not subject to unintentional human bi-
ases. The analyses gave mean S and NS floating-target
rain volumes of 5318.20 3 103 and 3168 3 103 m3,
respectively, and a proportional effect of seeding of
168% on unit RVOL (Table 2b). The lower and upper
bounds of the corresponding 90% confidence interval
are 213% and 1223%, respectively. The apparent seed-
ing effect for the FT is smaller than the overall apparent
effect in the TT. Thus, unit cloud masses without treated
ancestry must have contributed to the overall seeding
effect if seeding caused the differences.

It is instructive to examine the results for the sec-
ondary-response FT variables as listed in Table 2b. Note
first that the sign of the effect for all of the FT sec-
ondary-response variables is the same as those for the
cells (Table 1). This includes the results for HMAX and
for ZMAX, which had the opposite sign for the TT
(Table 2a). This result makes sense because both the S
cells and the S unit FT actually received the glaciogenic
nucleant.

The analysis was carried one step farther by quanti-
fying the rainfall from FT echoes within and outside of
the moving experimental unit. The floating-target cal-
culations for the experimental unit and beyond gave an
S-to-NS ratio of 2.22 at a P value of 0.125. The ratio
is much larger than the FT calculations limited to the
target boundaries, suggesting that the propagation of
echoes with treated ancestry outside of the unit bound-
aries was more prevalent when the treatment was silver
iodide. However, the P value does not allow for much
confidence in this result.

b. Analysis of the floating-target complement

For ease of discussion, those unit echo masses without
treated ancestry are called the ‘‘FT complement,’’ or
TT 2 FT. This analysis of the FT and its complement
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FIG. 1. Plots vs time of mean S and mean NS RVR for the (top)
TT, (middle) FT, and (bottom) TT 2 FT for the entire Thai dem-
onstration experiment.

is similar to the kind of analysis that was used by Sil-
verman and Sukarnjanaset (2000) in exploratory anal-
yses aimed at understanding the physical processes that
led to enhanced rainfall in the Thai warm-cloud hygro-
scopic particle-seeding experiment.

The results for the FT complement are presented in
Table 2c. The analyses for the FT complement gave
mean S and NS total-target rain volumes of 6469.6 3
103 and 2929.7 3 103 m3, respectively, and a propor-
tional effect of seeding of 1115% on unit RVOL. The
lower and upper bounds of the corresponding 90% con-
fidence interval are 14% and 1345%, respectively.
These are large apparent effects, which can only be
explained by communication of the apparent seeding
effect in the FT to its complement, if indeed seeding
caused the differences. This possibility is not out of the
question, because the conceptual model indicates that
seeding effects need not be limited to clouds having
seeded ancestry as determined from radar observations.
Propagation of seeding effects to nonseeded clouds
might occur through downdraft interactions and ‘‘sec-
ondary seeding,’’ a new element in the conceptual model
to be addressed later.

Comparison of the secondary-response variables for
both the S and NS FT with their complements revealed
large differences. The S FT contains taller-more reflec-
tive convective cells than its complement, whereas the
S FT complement has much greater rain-volume rates,
areas, and number of convective cells, and it is 63%
longer in duration. The same is true for the NS FT with
respect to its complement, although the differences are
not as large. The FT complements produced about 20%
more S RVOL and about 7.5% less NS RVOL than their
corresponding FT values, thereby causing the single ra-
tio of S/NS RVOL (and the corresponding proportional
effect of seeding) to be much greater for the FT com-
plement than it is for the FT. The S FT complement
would appear to have the properties of long-lasting
light-to-moderate, mainly stratiform rainfall as might be
produced by thick ‘‘anvil’’ debris from the earlier in-
tense convection. As postulated by the conceptual model
as early as 1982 (Woodley et al. 1982), seeding might
enhance the rainfall from such clouds through the slow
growth of ice crystals in the anvil mass, which is con-
tinually fed from below by penetrative glaciated con-
vection, and through the development of a direct vertical
circulation with rising motion in the thick anvil shield
with sinking on its periphery. As postulated later, these
processes are enhanced through secondary seeding. Al-
though all of these processes are now addressed in the
conceptual model, the evidence supporting their exis-
tence is weak and circumstantial.

c. Relative effects on RVR and RVOL

Plots of mean S and NS unit RVR for the TT, FT,
and FT complement (TT 2 FT) are provided in Figs.
1a–c, respectively. As discussed in Part I, the S RVR

exceeded the NS RVR before treatment in the TT, but
covariate analysis to determine the potential impact of
prequalification unit rainfall biases favoring the S sam-
ple revealed no effect on the results of the experimen-
tation. The RVR disparity had diminished greatly by the
time of unit qualification and, as Fig. 1a shows, there
were virtually no differences out to 80 min after unit
qualification. The S plot subsequently exceeds the NS
plot out to 480 min, reaching a secondary peak at 400
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FIG. 2. Plots vs time of S 2 NS cumulative RVOL differences for
the TT, FT, and TT 2 FT.

min. Although the conceptual model clearly calls for
the propagation of seeding effects in space and time, it
is unclear to what extent the time plots represent real
effects of seeding, because the average and longest treat-
ment periods were 122 and 197 min, respectively.

It can be seen in Fig. 1b that the plots of the S and
NS RVR values for the FT show an initial burst of
convective rainfall in the period 60–120 min. This is
followed by resurgence of the S FT rainfall that peaks
at 400 min after unit qualification, whereas the NS FT
dies out without a secondary surge. Thus, the finding
that apparent seeding effects are evident to 400 min in
the unit plots is not as unrealistic as first believed, be-
cause echoes with S ancestry still existed at that time.

Even then, as noted earlier, the FT complement made
a major contribution to the apparent seeding effect. The
plots of the S and NS FT complement (Fig. 1c) show
the S FT complement surging as the S FT decreases,
suggesting communication of seeding effects from the
directly treated clouds to those that were not seeded.
This transition appears to begin at about 160 min after
unit qualification.

Additional insights are provided by plots of mean
cumulative S 2 NS TT, FT, and TT 2 FT unit rain
volume differences (Fig. 2). The TT S 2 NS differences
is near zero from 0 to 90 min, followed by a steep
increase subsequently. It levels out by 480 min after
unit qualification, and by 600 min the cumulative S 2
NS RVOL difference is about 5800 kilotons.

The same picture is evident in the plot of mean cu-
mulative S 2 NS FT unit rain volume difference. Note
that the FT RVOL difference plot is coincident with the
TT difference plot to 105 min after unit qualification,
indicating that treated clouds were producing virtually
all of the apparent enhancement of the rainfall in this
time frame. Both difference plots are in positive terri-
tory. The lines depart subsequently as the TT difference
plot shows a strong increase while the FT RVOL dif-
ference plot shows a much smaller rate of growth.

The plot of mean cumulative S 2 NS RVOL differ-
ence for the TT 2 FT illustrates the strength of its

contribution to the overall effect on the TT. Until 105
min after unit qualification, the difference is slightly
negative. Note that the crossover point for the FT and
TT 2 FT S 2 NS difference plots takes place at 210
min after unit qualification. This marks the end of the
dominance by the directly treated clouds and the be-
ginning of the extended period during which rainfall in
the FT complement is dominant.

4. Analyses of seeding effect as a function of
coalescence intensity

a. Finding a measure of coalescence intensity

During the Texas randomized-seeding experimenta-
tion, Woodley and Rosenfield (1996) noted that ‘‘The
apparent seeding effects were larger for clouds having
base temperatures .168C in which coalescence is prob-
ably active, suggesting clouds with at least some coa-
lescence may be more responsive to seeding than clouds
without coalescence.’’ This was factored into the revised
dynamic-mode seeding conceptual model (Rosenfeld
and Woodley 1993), which indicates that the optimal
cloud structure for seeding intervention is a strong up-
draft containing low concentrations of raindrops gen-
erated from below by coalescence interspersed within
high quantities of cloud water. Supercooled clouds with-
out raindrops are not viewed as optimal because gla-
ciation and the growth of graupel to precipitation size
proceeds more slowly in such clouds, even with seeding
intervention (Rosenfeld and Woodley 1993, 1997). In
converse, clouds low in cloud water and laden with
raindrops are not optimal either because such clouds
usually glaciate at 2108C or even warmer through nat-
ural droplet freezing and ice multiplication, resulting in
the early formation of precipitation. The seeding ‘‘win-
dow’’ is closed in such circumstances.

Because of the guiding conceptual model, there was
considerable interest in investigating the effect of seed-
ing as a function of coalescence activity in the Thai cold
clouds. This interest was manifested first in the design
of the experiment. As discussed in Part I, all experi-
mental units were randomized in two blocks as a func-
tion of cloud-base temperature (CBT) (i.e., CBT # 168C
and CBT . 168C), which was measured by the aircraft
in the afternoon on its climb into the target area. The
randomization blocks were set as proxies for weak (CBT
# 168C) and stronger (CBT . 168C) coalescence. Upon
looking at the RVOL results for the Thai units, the larger
apparent effect of seeding, expressed as a percentage
(519% vs 71%) and as a rain difference (8589 vs 5019
kilotons) was found in the cooler CBT partition. This
is the reverse of the findings in Texas where the largest
apparent effect was noted in the warmer CBT partition.
This clearly calls for a closer look with a more direct
measure of in-cloud coalescence.

In the absence of particle-measuring probes in Thai-
land, coalescence intensity was ‘‘quantified’’ using ob-



JULY 2003 945W O O D L E Y E T A L .

TABLE 4. Mean properties of first-echo depth vs coalescence cat-
egory for treated echoes meeting the selection criteria. FED 5 FEH
2 CBH; the one-tail P values were obtained from a t test assuming
unequal variances.

N SCR

FEH (km)/
Temperature

(8C)
CBH (km)/
CBT (8C)

FED
(km) P value for FED diff

19
38
15

1
2
3

6.36/28
5.48/22
4.76/12

2.21/16.4
1.87/19.9
1.77/20.5

4.15
3.61
2.99

1 vs 2: P 5 0.039
2 vs 3: P 5 0.05

servations of the presence or absence of detectable rain-
drops on the windshield of the project Aero Commander
seeder aircraft as it penetrated the updrafts of growing
convective towers at about the 288C level (about 6.5-
km above mean sea level). The window coalescence
assessment was done by two Thai scientists after ade-
quate training for all cloud passes on the 85 days of
randomized cold-cloud experimentation in Thailand by
viewing the flight videotapes made by a camera mounted
in a forward-looking position on the right-hand side of
the cockpit in the seeder aircraft. The autofocus feature
of the camera ensured that it focused on the windshield
during the cloud penetration and outside on the cloud
field when the aircraft exited the cloud.

Because the cloud penetrations were made in strong
updrafts (often .5 m s21), about 200–600 m below
cloud top, the visible impacts on the aircraft windshield
were interpreted as raindrops originating below the air-
craft. The strong updrafts assured that at least the small-
er raindrops formed below the penetration level would
rise with the updraft. Later comparisons with the cloud
physics instruments on the Thai cloud physics aircraft
that arrived in late May of 1997 showed that these im-
pacts were associated with two-dimensional cloud
(2DC) images of particles larger than about 150-mm
diameter. The rounded spherical shapes of these images
and the penetration level temperature suggested that
they were supercooled raindrops, or at most unrimed
frozen drops.

Rosenfeld and Woodley (2003) used this approach
for quantifying coalescence intensity in a study of the
role of coalescence in determining the rainfall from nat-
ural (unseeded) clouds. This approach was extended for
the purposes of this paper by calculating for each unit
the percentage of cloud passes having observable drop
impacts on the aircraft windshield. From these, three
supercooled rainwater (SCR) coalescence categories
were defined: 1) weak coalescence (category 1), when
0% of the cloud passes had detectable raindrops; 2)
moderate coalescence activity (category 2), when 0%
, SCR , 90%; and 3) strong coalescence (category 3)
when SCR $ 90%. Category 1 was defined as having
weak, rather than no, coalescence, because the absence
of detectable impacts on the windshield could not be
interpreted as proof there was no coalescence. Three
coalescence categories were chosen, because the con-
ceptual model indicates that there should be three levels
of response to glaciogenic seeding—positive in clouds
without obvious coalescence activity, positive and larger
in clouds with some coalescence, and much smaller,
possibly even negative, in clouds with strong coales-
cence.

The next step was comparison of calculated mean
first-echo depths as a function of inferred coalescence
activity, where the mean first-echo cloud depth (FED)
is defined as the difference between mean first-echo
heights (FEH) and measured cloud-base height (CBH)
for the day. This was done with the expectation that

mean first-echo depths would be smaller for clouds with
rapid onset of coalescence as compared with clouds with
slower coalescence activity.

To qualify for inclusion in the assessment, each treat-
ed convective cell on a given day had to be within 80
km of the radar and relatively isolated from other al-
ready precipitating clouds at the time of its first echo
at the 12-dBZ threshold level. The first-echo height was
taken as the most intense echo within the first-echo in-
terval, or midpoint, when no identifiable maximum oc-
curred. All treatment passes were made through new
cloud towers, and only the corresponding cells that ex-
isted at the time of the first aircraft pass were considered
for the analysis. Clouds seeded with AgI also are in-
cluded because the coalescence (cloud pass) discrimi-
nation was made before the ejection of any flares.

The results for the three coalescence categories are
presented in Table 4. It can be seen that the mean first-
echo depth is inversely proportional to the intensity of
coalescence activity. The results are supportive of the
coalescence partitioning, thereby verifying our expec-
tations and supporting our search for apparent seeding
effects as a function of coalescence intensity.

b. Seeding results as a function of coalescence
activity

Assessment of the apparent effects of seeding on the
cell and unit scales was then made for SCR categories
1, 2, and 3, defined above. Results are presented in Table
5. First for the NS results, note that the cell rain volumes
increase as the coalescence activity increases. Although
other factors may be involved, category-3 clouds with
intense coalescence likely produce more rain volume
because of more efficient rain-forming processes. On
the other hand, the apparent seeding effects are smallest
in category 3 and are greatest in category-1 clouds,
which have weak coalescence. The latter is readily un-
derstood, because clouds with intense coalescence are
probably highly efficient microphysically and do not
need seeding intervention. The former is somewhat of
a surprise because the largest effect was expected in
category-2 clouds.

The same picture is evident for the experimental units
(Table 5). Because of the very small sample sizes, the
results for the 90% confidence interval should be viewed
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TABLE 5. Results of exploratory cell and unit analyses for the demonstration sample (RVOL values in kilotons or 10 3 m3): results after
partitioning by SCR.

Variable Mean S Mean NS Seeding effect (%)

90% Confidence interval

Lower Upper

Convective cells
Cells SCR category 1
Cells SCR category 2
Cells SCR category 3

257.42
350.22
479.68

123.07
217.21
433.7

109
61
11

29
24

244

382
172
118

Experimental units
TT SCR category 1
TT SCR category 2
TT SCR category 3

6185.57
14 828.87

8009.15

1994.18
6075.63
8193.59

210
144
22

20
0

247

698
494

82
FT SCR category 1
FT SCR category 2
FT SCR category 3

3449.12
6256.89
4256.15

973.88
3323.65
3953.76

254
88

8

5
226
249

1093
378
125

TT 2 FT SCR category 1
TT 2 FT SCR category 2
TT 2 FT SCR category 3

3054.83
8770.29
4095.13

1235.84
2862.11
4611.91

147
206

211

18
12

258

420
737

88

FIG. 3. Plots vs time of mean total target (top) NS and (bottom) S
RVR for SCR categories 1, 2, and 3 for the entire Thai demonstration
experiment.

with caution. Again, NS units with strong coalescence
produce the most total target rain volume. They also
have greater lifetime RVR values as can be seen in the
NS RVR plots in the top panel of Fig. 3. Note that the
NS RVR plots for category-1, -2, and -3 plots stack up
from driest to wettest, respectively, and that category-
3 units show a second weaker surge of rainfall about 3
h after the initial unit maximum.

The picture is reversed for the S units (bottom panel
of Fig. 3). The wettest S units by far are category-2

units, and category-3 units are only slightly wetter than
those of category 1. It appears that seeding may have
changed the natural tendencies. Note that category-2 and
-3 units also show a second surge of rainfall. This im-
plies that the primary convection communicates some-
how to the rest of the unit to generate a second (usually
weaker) surge of rainfall 3–5 h after the first burst of
convection. If this is so, the communication mechanism
appears to be more pronounced in the S units.

Examination of the TT, FT, and TT 2 FT RVR plots
for the S and NS units in Fig. 1 provide additional
insights. The NS plots suggest that the complement to
the FT accounts for the secondary surge in the TT RVR
plot. This is true also for the S RVR plots, although the
FT also makes a significant contribution.

As with the cells, the largest percentage effect of
seeding in the experimental units with the strongest sta-
tistical support was noted in units with weak coales-
cence, followed closely by units with moderate coales-
cence activity (Table 5). The largest absolute increase
in rain volume, however, is produced in the category-
2 units. No seeding effect is evident in clouds with
intense coalescence. This is in good agreement with the
seeding conceptual model.

The results were qualitatively similar when this ex-
ercise was repeated after defining three CBT partitions
(i.e., 128 , CBT , 178C, 168 , CBT , 238C, and 228
, CBT , 268C) to approximate weak, moderate, and
intense coalescence, as inferred using the SCR. Both
approaches showed the smallest apparent seeding effects
in the SCR and CBT partitions indicative of intense
coalescence. In the CBT exercise, however, the largest
apparent seeding effect in terms of percentage and ab-
solute RVOL differences was noted in the coolest CBT
category. Although the SCR should be a better indicator
of coalescence than CBT, because the former was ob-
tained through direct ‘‘measurement’’ in the clouds, one
should not dismiss this disparity out of hand. The truth
is that we do not yet have a solid understanding of the
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effects of seeding under varying intensities of in-cloud
coalescence. Direct measurement of coalescence using
particle measurement probes is needed to resolve this
important uncertainty. Until then, one is safest con-
cluding only that dynamic-mode glaciogenic seeding of
clouds with intense coalescence is unlikely to be effec-
tive.

5. Addressing the natural rainfall variability

One of the challenges faced by cloud-seeding exper-
iments, especially those with small samples, is the nat-
ural rainfall variability, which can confound the inter-
pretation of the results. The natural rainfall variability
was taken into account by identifying covariate vari-
ables that could serve as predictors of the natural rain-
fall. Only the mean precipitable water (PW) and the
mean control cell rainfall (RVOLCC), calculated external
to the units, using the ‘‘short track’’ software, proved
to be useful covariates for the experimental unit rainfall
(RVOLU).

The criteria for the selection of the control cells are
discussed at length by Rosenfeld and Woodley (1989).
In defining the cells to be used as controls, several fac-
tors had to be considered. First, the prospective clouds
had to conform as much as possible to the selection
criteria for the clouds in the actual experimental units
that received S or NS (simulated) treatment. Second,
the control cells had to be separated from the S and NS
cells by 35 km to minimize the possibility of contam-
ination. Third, each set of control cells had to be as far
from the radar as the experimental cells that resided
within each experimental unit to minimize range biases.

The multiple-regression equation using these covar-
iates was RVOLU 5 226 938.19 1 129.304 RVOLCC

1 5364.664PW. The multiple correlation is 0.526, in-
dicating that 28% of the natural rainfall variability is
being taken into account. The overall regression is high-
ly significant as are the intercept and the coefficients
for the covariates. The ratio of the predicted S to pre-
dicted NS rainfalls [SR(pred)] is 1.3, indicating that the
estimate of the seeding effect after taking natural var-
iability of rainfall into account is reduced to 148% [i.e.,
SR(obs)/SR(pred) 5 1.93/1.30 5 1.48] with a 90% con-
fidence interval from 214% to 1154%.

This covariate analysis suggests that any effect of
seeding on the unit scale has been overestimated by
about a factor of 2. Even then, the 48% apparent effect
of seeding on the unit scale in Thailand is comparable
to the result (145%) in Texas that was obtained from
a sample of only 38 units (Woodley and Rosenfeld 1996)
before the experiment was terminated. Neither the Thai
nor Texas results have strong statistical support.

6. Discussion

Although the Thai cold-cloud demonstration experi-
ment did not prove the efficacy of dynamic-mode seed-

ing for the enhancement of convective rainfall, the prob-
ability that the results were positive is at least 80%,
depending on the analysis. This is important information
for water managers who typically make probabilistic
benefit-versus-cost estimates before embarking on a pro-
gram of operational cloud seeding for rainfall enhance-
ment. Proof of seeding effectiveness, however, must
come from an independent confirmatory experiment.

a. Uncertainties and inconsistencies

Although the results on the cell and unit scales sug-
gest a positive effect of seeding, there are a number of
troublesome uncertainties and inconsistencies in the re-
sults relative to the guiding conceptual model. For ex-
ample, all early versions of the conceptual models guid-
ing on-top glaciogenic seeding experiments have called
for increased vertical growth of the seeded clouds. Sta-
tistically significant increases in cloud growth averaging
about 20% have been documented for clouds over the
Caribbean and Florida (Simpson et al. 1967; Simpson
and Woodley 1971). Clouds seeded in Texas (Rosenfeld
and Woodley 1993; Woodley and Rosenfeld 1996) and
Thailand, however, have shown much less vertical
growth, with weak statistical support.

During the Caribbean and Florida single-cloud ex-
perimentation, the visible cloud tops were measured by
flying a B-57 jet aircraft just above the cloud top, even
if the cloud was a tall cumulonimbus with a fibrous
glaciated top. In the Texas and Thai experimentation,
however, the estimates of cloud top were made using
5- and 10-cm radar, respectively, at a reflectivity thresh-
old of 12 dBZ. Thus, the visible cloud tops were mea-
sured in the Caribbean and Florida and the echo tops
at 12 dBZ were measured in Texas and Thailand. Be-
cause echo tops are less than the visible cloud in the
absence of sidelobe errors, the actual heights of cloud
tops in Texas and Thailand have been underestimated
relative to clouds over the Caribbean and Florida.

This is not a problem for the estimate of the effect
of seeding on cloud growth, however, as long as the
radar ‘‘sees’’ seeded and nonseeded clouds the same
way. This is not likely the case. Seeding changes the
microphysical structure of the clouds, causing glaciation
at higher temperatures (Sudikoses et al. 1998). As such,
they resemble natural, more maritime clouds (Rosenfeld
and Lensky 1998), which are characterized by early
glaciation and fallout of precipitation-sized particles.
The reflectivity of these clouds falls off faster with
height above the 08C-isotherm level than more conti-
nental clouds (Zipser and Lutz 1994). Thus, if seeded
clouds are made to resemble glaciated natural maritime
clouds, it follows the radar is going to underestimate
their tops at 12 dBZ more than nonseeded clouds, which
do not glaciate until colder temperatures.

Additional supporting evidence is provided in Figs.
10c and 11c (not reproduced here) in an article by Ro-
senfeld and Woodley (2003) in the American Meteo-
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rological Society meteorological monograph honoring
Dr. Joanne Simpson. Reflectivity profiles for clouds with
active coalescence and early glaciation show reflectivity
maxima below the freezing level and a rapid falloff of
reflectivity above the maximum to echo top. In contrast,
clouds with little coalescence and delayed glaciation
have reflectivity maxima well above the freezing level,
in many cases to near echo top. It was noted further
that for the same echo top, the difference between cloud
top and echo top was up to 3 km greater for clouds with
strong coalescence and early glaciation. Because AgI
seeding produces glaciation in seeded clouds that is
comparable to the highly glaciated natural case, these
results suggest that the growth of the seeded clouds has
been underestimated substantially relative to the clouds
that did not receive AgI treatment.

Thus, the seeded clouds in Texas and Thailand were
likely taller physically than the nonseeded clouds by
more than the calculated factor of 1.05, but that cannot
be known through the radar measurements. This state-
ment is, of course, highly speculative. Measurements of
cloud tops using aircraft and/or infrared satellite im-
agery are necessary to resolve this important uncertain-
ty, which has created doubts in some quarters (e.g.,
Silverman 2001) concerning the dynamic-mode seeding
conceptual model and the role that the vertical growth
of a seeded cloud plays in the apparent rainfall en-
hancements.

Despite the indications of positive seeding effects, it
was difficult initially to reconcile the Thai cell results
with those published for Texas (Rosenfeld and Woodley
1993; Woodley and Rosenfeld 1996) that suggested
seeding effects on RVOL of greater than 100%. Rec-
onciliation came upon considering two factors. First,
the supercooled clouds of western Texas typically are
microphysically continental, having weak to at most
moderate coalescence activity. Virtually none of the
Texas experimental units were qualified under condi-
tions of strong coalescence. Thus, the Thai cell RVOL
results for SCR categories 1 and 2, with apparent seed-
ing effects ranging between 161% and 109%, are most
comparable to those of western Texas. Second, the pub-
lished results for Texas were generated without the de-
letion of cell duplications as was done for Thailand (see
Part I). To facilitate the Thai-versus-Texas comparisons,
therefore, the Texas dataset published by Rosenfeld and
Woodley (1989, 1993) was reanalyzed after the cell du-
plications had been deleted. In doing so, the apparent
seeding effect dropped from 131% to 72%. This brings
the apparent seeding effect on convective cells in Texas
into good agreement with that quantified for Thai clouds
having weak to moderate coalescence.

On the other hand, the cell results in Texas indicated
larger apparent effects of seeding for CBT $ 178C,
which made sense in the context of the conceptual model
because clouds with warm bases are more likely to de-
velop coalescence and, therefore, to be more responsive
to seeding. In Thailand, however, the larger apparent

effect of seeding was noted for CBT # 168C on both
the cell and unit scales. This is true also for the SCR
partition that is suggestive of the least coalescence.

Another apparent inconsistency is the difference be-
tween the effect of seeding on the maximum radar re-
flectivity—positive on the cell scale and negative on the
scale of the experimental units. This apparent inconsis-
tency is resolved when one notes that the S cells actually
received AgI treatment, whereas not all of the cells in
the overall S unit received AgI treatment. When one
examines the FT unit variable, however, the apparent
effect of seeding on the maximum cloud-base radar re-
flectivity is positive because it is for the treated cells.
This makes physical sense, because the FT cells have
direct seeded ancestry. The TT results for the maximum
radar reflectivity were, however, dominated by the re-
sults for the FT complement that had values of the av-
erage maximum radar reflectivity that were 40% lower
than those for the FT and were affected by seeding in
a negative sense.

A perplexing inconsistency in the Thai dataset is the
finding that the apparent effect of seeding is larger with
greater statistical support on the unit scale rather than
the cell scale, as required by the conceptual model. This
is not easily explained away. If both effects are real, it
means that some mechanism is operative to communi-
cate and amplify the effect of seeding on the scale of
the individually treated cells to convective cells within
the unit that did not receive direct treatment. The con-
ceptual model has identified downdrafts as a mechanism
for the propagation of seeding effects in space and time.
Simpson (1980) and Woodley et al. (1982) have long
argued that the main manifestation of enhanced down-
drafts would be the generation of new cells and their
eventual merger. The data in Table 1 for the cell anal-
yses, which show more clustering of the S cells, suggest
that this may have happened in Thailand. In addition,
the finding that echoes with treated ancestry persist for
as much as 7 h after unit qualification (or about 5 h
after cessation of seeding) lends support to the argu-
ments for the propagation of seeding effects with time.

We do not pretend, however, to understand how seed-
ing might act to enhance downdrafts. The conceptual
model calls for the RVR of the S cells to peak later in
time than the RVR of the NS cells, because the seeding-
induced enhanced buoyancy should act to support the
growing precipitation mass longer before it plummets
to earth as heavy rain with its attendant downdraft. It
makes sense physically perhaps, but the data do not
support this expectation. The commencement of rain and
its peak are in phase for the S and NS cells, but the rain
from the S cells is somewhat greater than that from the
NS cells (see Fig. 4).

b. Modification of the conceptual model

It is time to consider two deletions, a modification,
and one addition to the conceptual model as put forth
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FIG. 4. Plot vs time of mean S (dashed) and NS (solid) RVR of
cells for the Thai demonstration experiment.

by Rosenfeld and Woodley (1993). The first deletion is
the requirement that the S RVR peak later than the NS
RVR. That this does not occur suggests that we do not
understand totally the response of individual cells to
treatment. Realistic cloud modeling would be helpful in
this regard. The second deletion, which is related some-
how to the first, is the requirement that the apparent
seeding response on the cell scale be larger with stronger
statistical support than the apparent seeding response on
the unit scale. Although this still seems like a reasonable
requirement in that the seeding is done on the cell scale,
the data do not support its retention in the conceptual
model. Deletion of this link in the conceptual chain has
implications for the manner in which the seeding effect,
which begins on the cell scale, is communicated to the
overall unit. Downdraft outflows and the exchange of
hydrometeors from the seeded clouds to those not seed-
ed (secondary seeding) would appear to be prime can-
didates for the communication of seeding effects. Both
mechanisms could take place close in space and time
to the seeded clouds or they could be operative quite
separately in space and time from the seeded clouds,
especially secondary seeding, which in principle could
take place hours after seeding has ceased. Again, cloud
modeling would be helpful in understanding the relative
importance of these processes.

The modification of the conceptual model involves
the manner in which seeding effects are communicated
from the directly treated cells to the overall unit. Since
its inception, the model has identified downdrafts as the
likely mechanism for communication, but it was ex-
pected implicitly that this effect would be traceable
through the floating target as has been defined here.
Although an effect of seeding is suggested in the floating
target, the larger apparent effect is evident in the float-
ing-target complement, which had no traceable seeded
ancestry. Although this came as somewhat of a surprise,
it is consistent with the results of the Thai warm-cloud
hygroscopic particle-seeding experiment reported by

Silverman and Sukarnjanaset (2000) that showed the
apparent seeding effect was associated primarily with
the untreated-cell component of their experimental
units. Both experiments suggest that at least the initial
communication mechanism involves dynamics, presum-
ably enhanced downdrafts, leading to regions of con-
vergence and new cloud growth at the interface between
the outflowing air and the ambient flow. Mather et al.
(1997) apparently obtained a similar result for the South
African hygroscopic flare seeding experiment in that the
seeding effects did not reach significance until some
time after seeding had ceased. Although these compar-
isons are legitimate as an illustration of the apparent
occurrence of dynamic effects in the hygroscopic seed-
ing experiments when none were expected, the differ-
ences in the nature and complexity of these effects rel-
ative to those apparently operative in the Thai glaci-
ogenic seeding experiment are readily acknowledged.

With respect to at least dynamic-mode glaciogenic
seeding experiments, it appears that the conceptual mod-
el also should be revised to address secondary seeding,
whereby unseeded clouds ingest ice particles from
clouds that earlier had received direct glaciogenic (e.g.,
silver iodide) treatment. This thought to be a mechanism
for the propagation of seeding effects in space and time
(Woodley and Rosenfeld 2002). It is hypothesized that
the ingested ice particles, after experiencing some
growth in the donor clouds, act to glaciate the receptor
clouds during their active growth phase and to provide
them precipitation embryos. These embryos give the
receptor clouds a head start on precipitation develop-
ment because the hydrometeors grow further as graupel
to precipitation size in the updraft that is laden with
high quantities of supercooled cloud water.

Secondary seeding is not unique to seeded clouds nor
is it a rare event. Further, it need not be limited to ice
particles. Rosenfeld and Woodley (1997) discuss a case,
showing that clouds that existed in a clustered environ-
ment and had ingested embryos from decayed clouds
contained large raindrops on the initial pass through
active cloud towers. Ice subsequently formed faster and
the supercooled cloud water decayed more rapidly in
these clouds. On the other hand, clouds (on the same
day) that were relatively isolated during their growth
phases retained their cloud water longer than clustered
clouds. Rain drops were rare during the initial cloud
passes and increased only slightly later. This readily
illustrates the importance of the exchange of hydro-
meteors in the development of precipitation in clouds
that could not otherwise develop precipitation on their
own.

The finding that the rainfall in the complement to the
FT occurs later in time and is much less convective than
that in the FT itself suggests that secondary seeding
could also play an important role in the transmission of
seeding effects within the experimental unit. Further, it
may not be possible to track the effects of secondary
seeding on radar when the exchange of hydrometeors
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produced by the initial seeding occurs long after seeding
has ceased and the FT echoes have dissipated.

The relative importance of downdrafts and secondary
seeding in the transmission of seeding effects is un-
known, if indeed either process is operative in the ap-
parent seeding-induced rainfall enhancements. There is
simply too little information at present to reach a con-
clusion. These issues serve to emphasize the importance
of cloud modeling in conjunction with a state-of-the-art
cloud-seeding research effort. Cloud models have now
progressed to the point at which they address most cloud
processes explicitly and realistically. The recent realistic
simulation by Khain et al. (2001) of a case of extreme
supercooling in Texas, as documented by Rosenfeld and
Woodley (2000), is a case in point. It is time now to
give more emphasis to the modeling component of
weather-modification research efforts.

7. Conclusions

Part I established that the Thai cold-cloud demon-
stration experiment failed to reach statistical signifi-
cance in the time allotted to the experiment, although
the probabilities that the seeding effects were positive
on the treated cells and units are 72% and 79%, re-
spectively. The results of exploratory examination of
the entire demonstration experiment, consisting of 35
seeded and 35 nonseeded units, strengthen the case for
seeding-induced changes in rainfall.

The exploratory evaluation involved both cell and
unit analyses. The cell dataset includes 392 AgI-seeded
cells and 335 nonseeded cells that received simulated
AgI (glaciogenic) treatment. The proportional effect of
seeding on cell rain volume is 137%. The lower and
upper bounds of the corresponding 90% confidence in-
terval are 28% and 1104%, respectively. There is 81%
confidence that the seeding effect is positive, with the
true effect being in the range from 0% to 88%.

Analysis of the 70 experimental units over their life-
times gave a proportional effect of seeding of 193%
on unit RVOL. The lower and upper bounds of the
corresponding 90% confidence interval are 12% and
1267%, respectively. There is 91% confidence that the
seeding effect is positive, with the true effect being in
the range from 0% to 1274%.

A bivariate analysis on the simultaneous effects of
seeding on units and cells was also conducted for the
entire demonstration experiment. There is 30% confi-
dence that the seeding effect on both units and cells is
positive. Thus, the results of the analysis for the entire
demonstration experiment on cells, units, and cells and
units jointly, are slightly stronger than the result for the
a priori demonstration experiment reported in Part I.

To complete the picture, the RVOL results from the
15 units (8 S and 7 NS) from the exploratory tests in
1991 and 1993 were pooled with the results for the
demonstration sample. The pooled results gave slightly
more positive proportional seeding effects of 195%,

with lower and upper bounds of the 90% confidence
interval of 17% and 1257%, respectively. Comparable
pooling was done also for the exploratory and dem-
onstration cell samples. The results for the pooled cell
sample are indistinguishable from those obtained by
analysis of the demonstration cell sample.

A major effort was made to understand the apparent
effects of seeding, which was larger with stronger sta-
tistical support for convective masses within the unit
not having seeded ancestry, as determined by radar, than
for convective clusters with seeded ancestry. If real, it
means that the effect of seeding, which begins with the
directly treated cells, is propagated to nonseeded clouds
within the unit.

Partitioning of the data by a crude aircraft measure
of coalescence intensity (i.e., weak, moderate, and in-
tense) was helpful in understanding the apparent effects
of seeding. The rain volume from NS units increased
as coalescence intensity increased. This natural tenden-
cy was reversed for the S units. Further, the apparent
seeding effects were .100% for units having weak to
moderate coalescence and were nonexistent for units
with strong coalescence. This was true also for the cell
analyses. Because clouds with strong coalescence are
known to glaciate naturally at temperatures of $2108C,
the ineffectiveness of glaciogenic seeding in such clouds
is not surprising.

Covariate analysis to account for the natural rainfall
variability in the experiment suggests a smaller apparent
effect of seeding. The apparent seeding effect after ac-
counting for about 28% of the natural rainfall variability
with multiple linear regression is 48%, with a 90% con-
fidence interval from 214% to 1154%.

Further progress in specifying the effects of dynamic-
mode, glaciogenic seeding is contingent upon a coor-
dinated research effort involving randomized physical/
statistical field experiments and numerical modeling,
virtually the same type of effort recommended by Simp-
son (1980) but not yet accomplished satisfactorily. The
passage of time has not obviated the need for such an
effort, which also would include directed but basic re-
search observations.
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