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THE WEATHER MODIFICATION ASSOCIATION

The Weather Modification Association was organized in 1950 to develop a better understanding
of weather modification among program sponsors, the operators and members of the scientific commu-
nity. In 1966, the first suggestion for a professional journal was proposed and Volume 1, No. 1, of the
Journal of Weather Modification was published in March 1969. This historic publication now includes 36
volumes (38 issues).

Originally called the Weather Control Research Association, the name of the organization was
changed to the Weather Modification Association in 1967. During its 48-year history, the Association has:

e Pressed for sound research programs at state and federal levels.
o Promoted a better understanding of weather modification for beneficial use.
e Acted as a disseminating agent for literature.

¢ Provided extensive testimony before many federal, state and local committees and agencies
in regard to all aspects of weather modification research and operations.

e Assumed an active role in the promotion of policy statements concerning all aspects of
weather modification.

o Developed active positions on ethics, minimum standards for operations, and a strong certifi-
cation program for operators and managers.

e Published the Journal of Weather Modification, the only professional journal in the world to-
tally dedicated to the operational, societal, economic, environ-mental, legal and scientific as-
pects of weather modification.

The Journal is published annually and papers are always welcome for consideration in either the
reviewed or non-reviewed sections. A nominal charge of $50 per page is made for each page published
in the final double-column format of the Journal. An additional fee of $120 per page is charged for color
pages; this fee is charged for all papers, foreign and domestic.

The general membership is open to all individuals and organizations who have an interest in any
aspect of weather modification. The classes of membership and the present annual dues are:

Corporate: $200

Individual: $ 55
Retired: $ 30
Student: $ 15
Honorary: $ 0

Additional information on the individual classes of membership can be found in the Articles of
Incorporation presented in a later section of this Journal.

Applications for membership on a calendar year basis, as well as additional information, can be
obtained by writing to WMA at the permanent address of the Association:

WEATHER MODIFICATION ASSOCIATION
P. O. Box 26926
Fresno, CA 93729-6926 USA
Phone and FAX: 559-434-3486
Email: wxmod@comcast.net




Editor’s Message

In this issue we have a reviewed paper, a reviewed reply, and seven non-
reviewed articles including the “In Memoriam” for Dr. John Fluek provided by
Roger Reinking. | wish to thank all the authors and advertisers for their
contributions to this volume of the Journal. | also wish to thank Hilda Duckering,
my Editorial Board members, the paper reviewers and my assistant, Vicki Hall,
for their hard work and effort, without which this publication wouldn’t be possible.
Thank you all!

Sincerely,

Steve Chai, Editor
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THE VARIABILITY OF CLOUD CONDENSATION NUCLEI AND CLOUD DROPLET
POPULATIONS IN CONVECTIVE CLOUDS OVER THE HIGH PLAINS:
HOW OFTEN ARE CONTINENTAL CLOUDS CONTINENTAL?

Andrew Detwiler
Institute of Atmospheric Sciences
South Dakota School of Mines and Technology
Rapid City, SD 57701

Abstract. Observations and cloud microphysical modelling suggest that hygroscopic cloud seeding can be used to
enhance precipitation from continental convective clouds. Model simulations demonstrate that the effect of such
treatment varies with cloud microphysical characteristics. Significant enhancement is predicted for clouds with con-
tinental cloud droplet spectra, i.e. droplet concentrations on the order of 1000 cm™. The effect on maritime clouds
with droplet concentrations of the order of a few 100’s cm® or less is predicted to be much smaller. A survey of past
studies of aerosols is presented along with a newly-assembled collection of observations of convective cloud droplet
concentrations over the High Plains of North America. It is shown that while a majority of clouds are indeed micro-
physically continental, a significant fraction of clouds in this region have microphysical characteristics that are mari-
time or intermediate between maritime and truly continental. Practitioners of hygroscopic seeding in this region
need to monitor aerosol and cloud characteristics and target microphysically continental clouds if they want to opti-
mize the effects of their seeding. Furthermore, indiscriminant hygroscopic seeding of clouds or an evaluation of re-
sults without regard to the maritime or continental character of the target and control clouds could lead to inconclu-

sive and/or spurious results.

1. INTRODUCTION

One general concept for modifying the pre-
cipitation produced by convective clouds is to in
some way modify the microphysical evolution of the
cloud so that more precipitation falls to the ground
during the lifetime of the cloud or cloud complex.
This may involve more efficient conversion of cloud
water to precipitation as well as extending the size
and/or lifetime of the cloud. The focus here is on the
concept of seeding convective clouds with hygro-
scopic aerosols to increase precipitation. Several re-
views over the past decade have covered this topic,
including Czys and Bruintjes (1994), Bruintjes
(1999), Silverman (2003) and National Research
Council (2003). The specific focus here is the micro-
physical basis for precipitation enhancement by this
method. The fundamental aim of hygroscopic seed-
ing is to produce larger droplets more quickly that
sweep out the naturally-nucleated smaller ones as
they fall, thus to accelerate the growth of precipita-
tion-size hydrometeors by collision and coalescence.
In addition, hygroscopic seeding may influence su-
percooled cloud evolution in at least two ways. Pro-
duction of a broader spectrum of cloud droplet sizes
in mixed-phase cloud regions will lead to accelerated
ice  multiplication by the  Hallett-Mossop

Corresponding author address: Andrew G. Det-
wiler, Institute of Atmospheric Sciences, South Da-
kota School of Mines and Technology, 501 East
Saint Joseph Street, Rapid City, SD 57701. E-mail:
Andrew.Detwiler@sdsmt.edu

rime/splintering process (Hallett and Mossop, 1974).
In addition, larger precipitation-size liquid drops
formed lower in a cloud by accelerated collision and
coalescence, when carried above the freezing level,
will freeze at lower altitudes (higher temperatures)
and alter the vertical distribution of latent heat re-
lease, riming growth, and precipitation-loading
(Beard, 1992).

2. BACKGROUND

Biswas and Dennis (1972), Klazura and
Todd (1978), and Todd and Howell (1982), among
others, developed simplified quasi-steady-state one-
dimensional models for understanding the situations
in which seeding a convective cloud updraft with
relatively large (~ 10 um diameter or larger) water or
salt particles will result in increased precipitation.
This form of seeding introduces a population of large
“collector” particles that accelerate the growth of
precipitation-size hydrometeors by collision and coa-
lescence. Reisin et al. (1996) more recently simu-
lated this same process with a much more sophisti-
cated time-dependent axi-symmetric cloud model
with detailed treatment of aerosol and cloud micro-
physics, and full coupling between microphysics and
dynamics. Issues typical to most cloud seeding con-
cepts were addressed with these models, including
optimum seed aerosol particle size and composition,
mass of seeding material required, and the optimum
timing and location for delivery of this material to
clouds in various environments and states of devel-
opment in order to produce the greatest enhancement
in precipitation. These models were used to identify
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combinations of these factors that would in general
lead to cloud-scale precipitation enhancement.

Of particular interest to the discussion here
is how the variation in the background cloud conden-
sation nucleus (CCN) population affects the simu-
lated precipitation enhancement by hygroscopic seed-
ing. In the model of Reisin ez al. (1996) the concen-
tration of active CCN varied with supersaturation as

(1 g k
N=C |2
%)

where N is cumulative concentration of CCN active
at supersaturation S( %), in number per cm’, S, is
1%, and C and k are constants. Clouds developed
from a “continental” cloud condensation nuclei spec-
trum with C =1100 cm™, a “maritime” spectrum with
C = 100 cm™, or an “intermediate” spectrum with
C =600 cm™, the number active at 1% supersatura-
tion with respect to liquid water. They found that
hygroscopic seeding with relatively large water or
salt particles will enhance precipitation significantly
in clouds with “continental” cloud droplet size con-
centration and size spectra, roughly doubling the pre-
cipitation produced without seeding. In the “interme-
diate” situation there was much more modest en-
hancement, and in maritime clouds there was negli-
gible effect on precipitation.

In the 1990°s Mather ef al. (1997) in South
Africa developed the concept of seeding convective
cloud updrafts with low concentrations of much
smaller hygroscopic particles (d ~ 1 pum) than had
been used in previous hygroscopic seeding experi-
ments. The concept is that these seed nuclei will nu-
cleate droplets more readily than most of the natural
aerosol particles, and these growing droplets will
deplete the supersaturation in the updraft so that
many of the natural aerosol particles never nucleate
droplets. The result will be a lower concentration of
cloud droplets with larger mean size and wider size
dispersion than would have occurred naturally, lead-
ing to more rapid and efficient collision/coalescence
growth of precipitation. This method involves disper-
sal of much smaller masses of hygroscopic material
than does hygroscopic seeding with large nuclei or
water droplets, and is logistically much less costly to
implement.

Cooper et al. (1997) using a parcel model
with detailed microphysics, and Yin et al. (2000)
using the cloud model of Reisin et al. (1996), simu-
lated the results of this method of hygroscopic seed-
ing. With respect to the influence of the cloud droplet
spectrum on seeding-produced precipitation en-
hancement, they found trends similar to those found
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earlier for hygroscopic seeding with relatively larger
particles. Hygroscopic seeding with small particles
produces significant enhancement of precipitation in
“continental” clouds, and has little or no effect in
“maritime” clouds.

While it is tempting to assume, based on
these results, that hygroscopic seeding can be ex-
pected to produce significant precipitation enhance-
ments in all clouds developing in very continental
locations such as the High Plains of North America,
observations of cloud condensation nuclei (CCN)
spectra in this region in fact suggest otherwise.
Hobbs et al. (1985a, 1985b) conducted several weeks
of airborne observations of CCN activation spectra in
the planetary boundary layer over regions from Great
Falls, MT, to Big Spring, TX spanning the summers
of 1975 and 1976. More intensive observations were
conducted in the Miles City, Goodland, KS, and Big
Spring areas. They fit their observed spectra to the
form specified in Eq. (1), and divided their observed
spectra into three composite classes with differing
concentrations and rates of increase of concentration
with increasing supersaturation. These classes were
“maritime” with C=290 cm>, “transitional” with
C=1500 cm”, and “aged continental” with C=2200
em™ (CCN active at 1% supersaturation). The slope &
varied from 0.7 for “maritime” to 2.8 for “transi-
tional” to 0.9 for “aged continental.” Despite the
geographically continental locations of the observa-
tions, “maritime” CCN spectra were observed 25% of
the time. A terrain-follow-ing layer-averaged trajec-
tory model was used to infer air mass origins. They
found that “maritime” CCN spectra can be observed
over the High Plains in maritime or modified mari-
time air masses, or in air masses that recently were
involved in widespread cloud processes. In general,
maritime air masses would become more continental
in character within only a few days of travel over
continental terrain in non-precipitating situations.

Vali et al. (1982) report an extensive series
of surface CCN activation spectra acquired in June
and July, 1976, in northeastern Colorado and south-
western Nebraska as part of the National Hail Re-
search Experiment (NHRE). Among 60 observations
at two sites over these two months, only 2 were char-
acterized by a concentration active at 1% supersatura-
tion as low as 300 cm™. These observations are char-
acteristic of a predominantly “continental” CCN
population, and suggest a much less frequent occur-
rence of “maritime” CCN populations at these sites
during this time period compared to those observed
by Hobbs et al. (1985b) over a longer time period and
much larger geographic area.

Demott et al. (1996) in central North Dakota
obtained CCN spectra on the ground and in the air,
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then compared CCN activation spectra to cloud drop-
let spectra observed within quasi-adiabatic updraft
regions in convective clouds in the same region.
Data were acquired over an 18-day period near Bis-
marck in July, 1993. For the period the average CCN
concentration active at 1% supersaturation was 300
cm”. In addition, the cumulative frequency distribu-
tion of cloud droplet concentrations showed that
droplet concentrations less than 300 cm™ occurred in
25% of the samples obtained during this period.
These observations show that “maritime” aerosol and
cloud conditions can occur a significant fraction of
the time in this region.

According to Eq. (1), the activated CCN
concentration increases with supersaturation. When
relating CCN population characteristics to cloud
droplet concentration in clouds, one must have an
idea of what typical supersaturations are reached in
the clouds. In the simulations of Reisin et al. (1996),
Cooper et al. (1997) and Yin et al. (2000), typically
peak droplet concentrations were less than the speci-
fied concentration of CCN active at 1% supersatura-
tion. Politovich and Cooper (1988) used updraft
speed and cloud droplet spectra to infer that peak
supersaturations were always less than 1%, and most
of the time were less than 0.5%, in the lower regions
of convective clouds in the Miles City area during the
Cooperative Convective Precipitation Experiment
(CCOPE) in 1982. In contrast, the cumulative fre-
quency distribution of droplet concentrations in
nearly adiabatic updrafts in clouds similar to those
sampled by Politovich and Cooper (1988) compared
to the cumulative frequency distribution of CCN ac-
tive at various supersaturations in the work of De-
Mott et al. (1996) suggested that peak supersatura-
tions reached in the updrafts in the Bismarck sample
were as high as 2% much of the time.

Klazura (1971) observed precipitation parti-
cle size spectra (d > 250 um) using a foil impactor on
an aircraft sampling in the upper regions of warm
cumuli over southeast Texas during the summers of
1968 and 1969. Based on the number and size distri-
bution of precipitation particles, he concluded that
the population of clouds in the same region was much
more “maritime” during one summer, and much more
“continental” during the other.

In order to gain a better estimate of the frac-
tion of the time that hygroscopic seeding of convec-
tive clouds can be expected to lead to significant pre-
cipitation enhancement, more observations and more
refined modelling are needed. Based on the available
modelling results, significant enhancement is ex-
pected when “continental” clouds are treated, and
much smaller enhancement when “maritime” clouds
are treated. While the definition of “maritime” is not
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precise, and varies from investigation to investiga-
tion, the trend of decreasing enhancements with more
“maritime” microphysical conditions should be ro-
bust. The more microphysically “maritime” a cloud
is, the smaller the enhancement of precipitation by
hygroscopic seeding, other factors being equal.

Data on CCN concentrations and cloud
droplet populations is difficult and expensive to ob-
tain. It is clear from the work surveyed here that over
the High Plains microphysically “maritime” CCN
spectra and clouds occur with significant frequency,
but that the characteristics of CCN and droplet popu-
lations can vary significantly between the same sea-
sons in different years at one location, or in the same
season and same year at different locations. Short
periods of measurement at a few locations do not
necessarily capture the complete range of variability.
In order to make available more data with which to
characterize the microphysics of High Plains convec-
tive clouds, presented here are observations of cloud
droplet concentrations in clouds observed in some of
the same regions discussed by Hobbs et al. (1985a),
sampled during several subsequent field experiments
using a different aircraft. While Hobbs et al. (1985a)
used direct measurement of CCN to predict the char-
acter of clouds developing in the sampled air mass,
this discussion will be based on in situ cloud micro-
physical observations.

3. DATA AND ANALYSIS METHODS

This study is based on cloud droplet data ob-
tained with the Particle Measuring Systems, Inc.
(PMS) Forward Scattering Spectrometer Probe
(FSSP) carried by the South Dakota School of Mines
and Technology (SDSMT) armored T-28 storm-
penetrating research aircraft (Johnson and Smith,
1980;
http://www.ias.sdsmt.edu/institute/t28/index.htm)
during three field campaigns. These include the June,
1987, field season of the North Dakota Federal/State
Cooperative ~ Weather ~ Modification = Program
(NDCWMP) at Dickinson, North Dakota (Detwiler
and Smith, 1988); the Texas Experiment in Augment-
ing Rainfall through Cloud Seeding (TEXARC) at
Big Spring in August, 1994; and the Severe Thunder-
storm  Electrification and Precipitation Study
(STEPS) at Goodland in May and June, 2000
(http://www.mmm.ucar.edu/community/steps.html).
Dickinson is ~260 km east of Miles City where
Hobbs et al. (1985b) made extensive CCN observa-
tions in 1975 and 1976, and Goodland and Big
Spring are the two other sites where they made exten-
sive observations in 1975. All three locations are
along the western edge of the High Plains region and
are characterized by semi-arid summer climates.
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The FSSP used in this study was serial
number 1 of the commercial production run of this
PMS instrument, first used in the field on the T-28 in
1975 during NHRE. It is a single particle counter.
Particle size is inferred from intensity of light scat-
tered into a photodetector with an annular mask ad-
mitting light scattered 8° to 12° from the forward di-
rection. Probe circuitry is designed to reject data from
particles which are not completely immersed in the
sample volume. Data are accumulated for 1 sec (~100
m of aircraft travel) then dumped to the data acquisi-
tion system.

The probe was routinely calibrated with la-
tex and glass spheres to verify the relationship be-
tween particle size and scattered intensity, taking into
account the difference in index of refraction between
the test particles and liquid water. This procedure was
not applied until several months after the Dickinson
field season (with the data being corrected after the
fact), but was performed multiple times in the field
during the Big Spring and Goodland field seasons.
The integrated liquid water concentration also was
compared to cloud water observations from a John-
son-Williams (JW) cloud water meter (Dickinson and
Big Spring) and a Droplet Measurement Technolo-
gies (DMT) liquid water content probe (STEPS).
Allowing for known response characteristics of the
two probes, further adjustments were made in the
FSSP size vs. intensity relationship to arrive at an
optimum calibration such that the integrated FSSP
cloud water concentration matched the observations
from the direct total water measuring probes. (See
Feind ef al., 2000.) The Big Spring data were also re-
processed using a numerical simulation of the FSSP
(Baumgardner and Spowart, 1990) in order to better
refine size and concentration estimates. The reproc-
essed and standard data were very similar in charac-
ter for that year, and in this study data from all three
years are processed in the standard manner.

Of importance to the discussion below is the
correction of observed concentrations for instrument
dead time. The probe circuitry requires a small
amount of time (several microseconds) to record data
from each droplet passing through its sample volume.
In regions of higher droplet concentration (exceeding
several 100’s cm™) a dead-time correction must be
applied to account for droplets passing through the
sample volume while the probe is recording data
from the previous droplet and unable to respond. For
the data discussed here, the dead time correction is
one derived by PMS based on the fraction of time the
probe circuitry is busy recording data. The raw con-
centration is divided by the factor

1-(0.55 - activity)
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where activity is the fraction of the time during the
current second that the probe is busy processing sig-
nals from droplets. As this factor is always less than 1
when droplets are present, it always results in an in-
crease over the concentration based on the raw num-
ber of validly-sized droplets. Concentrations derived
in this manner are in close agreement with the more
rigorous model-based data reduction procedure dis-
cussed by Baumgardner and Spowart (1990) and ap-
plied to the Big Spring data, with the modeled con-
centration on the average 9% less than bulk correc-
tion concentration, with a root mean square differ-
ence of 35 cm™. While the absolute accuracy of FSSP
droplet concentrations cannot be independently
evaluated, similar concentrations obtained using two
different processing schemes lends confidence to the
relative concentration variations between updrafts.

Of possible significance in interpretation of
the data presented below is an instrument refurbish-
ment accomplished between the TEXARC project in
1994 and STEPS in 2000. Newer circuitry of the
same design was installed, some of the optics was
replaced, and the laser was upgraded. However, the
same calibration procedures were successfully ap-
plied to data from all seasons and overall the data
from different seasons appear to be consistent.

During all three projects, the mission of the
T-28 was to sample growing to mature convective
clouds or storms. Generally, isolated towering cumu-
lus and cumulus congestus clouds were sampled at
Dickinson and Big Spring, while larger more vigor-
ous multicellular thunderstorms were sampled at
Goodland. Typical sampling altitudes were 5 — 7 km
MSL, with temperatures ranging from -5 C to -15 C,
although occasional penetrations were made near
cloud base. The sample size included here is fairly
small. Presented below is a survey of two days in-
cluding penetrations of three clouds with appropriate
data from Dickinson, three days with a total of eight
clouds from Big Spring, and seven days with seven
thunderstorms from Goodland.

From the data collected on these days,
passes through relatively precipitation-free updrafts
were isolated using updraft speed estimated from
aircraft motion, and PMS 2D-C cloud and precipita-
tion particle imaging probe data. Peak cloud droplet
concentration was extracted for each pass or pass
segment corresponding to a region with a maximum
in droplet concentration associated with a peak in the
updraft and no precipitation or a minimum in precipi-
tation particle concentration.

For these days reasonably representative
proximity soundings based on radiosonde launches
and the aircraft ascent and descent soundings are
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available. The observed cloud liquid water concen-
tration is used to estimate how close to adiabatic the
updraft conditions were by comparing to an estimate
of adiabatic liquid water concentration derived from
these soundings. The accuracy of these adiabatic
cloud liquid water concentration estimates is difficult
to assess. There are significant variations in boundary
layer humidity on length scales of 100 km and time
scales of hours, the typical separation in space and
time between radiosonde sounding and sampled
cloud. The representativeness of the sounding can be
improved by modifying it using the aircraft ascent
and descent temperature soundings. Humidity cannot
be modified based on aircraft data as the T-28 carried
no humidity sensor. Pilot observations of cloud base
height are available in many cases, which further
refines estimates of cloud base temperature. Finally,
observed in-cloud temperatures are compared to
those predicted by adiabatic ascent from the sounding
convective condensation level. After arriving at a
best estimate of cloud base conditions and penetra-
tion level temperature, an adiabatic liquid water con-
centration is found. Based on the maximum excess of
any measured cloud liquid water concentration over
the predicted adiabatic concentration (the theoretical
maximum), estimates of adiabatic liquid water con-
centration were accurate to within 20%.

4. RESULTS

Figure 1 shows peak droplet concentrations
in updrafts encountered in three cumulus congestus
clouds during two days of operations during the
NDCWMP near Dickinson as a function of fraction
of adiabatic cloud liquid water concentration. For
passes encountering more nearly adiabatic condi-
tions, it is expected that the droplet concentration will
more nearly represent the concentration of active
CCN in the cloud base inflow air. The droplet con-
centration values exceeding 600 cm™ are from one
day, the lower values are from the other. Figure 2
shows the same relationship based on observations
from eight cumulus congestus clouds observed on
three days during TEXARC near Big Spring. The
many nearly adiabatic observations are from two
days, while the observations further from adiabatic
conditions are from the third day. Finally, Figure 3
shows the same relationship for multiple penetrations
of seven thunderstorms observed during STEPS near
Goodland. Multiple updrafts were sampled within
each storm.

There are several notable aspects of this
relatively small sample, from 12 days during three
different years at three different locations. Of the
two days from Dickinson, one had a much more
maritime character than the other. In Big Spring,
most of the updrafts were more maritime than conti-
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nental in nature. In Figure 2, the initial pass through
the updraft with a peak concentration of nearly 600
cm” was followed by subsequent passes through the
same updraft showing the same fraction of adiabatic
water but peak concentrations of 340 and 430 cm™.
Two other clouds sampled in the same region on the
same day had peak concentrations less than 370 cm™.
In Goodland, the droplet concentrations suggest a
microphysically more continental cloud population in
all storms sampled.
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Figure 1: Peak cloud droplet concentration in updrafts
from two flights during the NDCWMP as a function of
the peak ratio of measured cloud water concentration
to adiabatic water concentration within the updraft.
The data were obtained in three clouds on two different
days. The three lowest values come from the only cloud
sampled on one of the days.
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Figure 2: As in Figure 1, but based on observations
from 8 clouds on 3 different days during TEXARC.
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Figure 3: As in Figure 1, but based on observations
from seven thunderstorms on seven different days dur-
ing STEPS.
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In all three locations the range of droplet
concentrations does not vary significantly with the
fraction of adiabatic liquid water. This suggests that
in relatively precipitation-free updrafts, entrainment
did not reduce peak droplet concentrations, within the
accuracy of the methods used here for computing
adiabatic liquid water concentration and measuring
droplet concentration. On the scale of the droplet
sampling, ~100 m, this is consistent with homogene-
ous mixing, where entrained dry air results in some
evaporation of all droplets but disappearance of few.

In larger more vigorous storms, it is possible
that more CCN are activated in stronger updrafts.
Figure 4, based on TEXARC data, illustrates that
peak droplet concentration was not a strong function
of peak updraft speed. A similar pattern is seen in the
STEPS data shown in Figure 5.
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Figure 4: Peak cloud droplet concentration in
updrafts sampled in 8 different clouds on 3
different days during TEXARC as a function
of peak updraft speed in the updrafft.
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Figure 5: As in Figure 4, but for multiple up-
drafts in 7 storms during STEPS.

It would be desirable to characterize cloud
microphysics using more than just the peak cloud
droplet concentration. Maritime clouds also differ
from continental ones in mean droplet size, and width
of the droplet size distribution. Results of hygro-
scopic seeding will depend on these parameters, too.
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Peak concentration is used here because it is readily
available from the three project data summaries, and
because it is a relatively uncomplicated measurement.
Cloud droplet size spectra must be computed from
FSSP data with considerable care. In particular, even
a well-calibrated FSSP yields noisy spectra when
even small numbers of precipitation-size particles are
present due to random sizing of irregularly-shaped
(ice) particles or spherical particles larger than ~100
pum diameter (See Baumgardner and Spowart, 1990).
Efforts will be continued to understand the micro-
physical character of High Plains convective clouds
by extending this type of analysis to more seasons
and locations, and by more carefully studying FSSP
data from the projects discussed here as well as addi-
tional ones. In addition, air mass trajectory analysis
like that performed by Hobbs ef al. (1985a) will be a
valuable tool for relating microphysical character to
weather regime. Such a relationship will be a valu-
able guide for operational hygroscopic seeding.

5. CONCLUSIONS

If one looks at the set of peak cloud droplet
concentrations from the NDCWMP, TEXARC, and
STEPS, as a whole, on 8 out of 12 days the peak
droplet concentrations clearly suggest microphysi-
cally “continental clouds”. On 3 other days the peak
concentrations are on the order of 300 cm™ or less,
approaching “maritime” in character. On one day
during TEXARC, one cloud had much higher con-
centrations than two other clouds observed nearby.

Hobbs et al. (1985b) noted that the fre-
quency of “maritime” CCN spectra, based on several
weeks of sampling in two summers at several loca-
tions in the High Plains region, varied distinctly be-
tween the two summers. Atmospheric flow regimes
can set up and persist for extended periods of time,
subjecting a given region to a predominance of one
air mass and/or weather type for weeks. In field pro-
jects of the type from which these data are drawn,
several weeks of sampling will not characterize the
complete range of variability observed over many
years. Still, by using data accumulated over several
weeks at three different locations in three different
summers, it is shown that clouds that are microphysi-
cally maritime are observed a significant fraction of
the time over various portions of the High Plains.

Modeling results of Reisin et al. (1996),
Cooper et al. (1997), and Yin et al. (2000) suggest
that enhancement of precipitation from convective
clouds seeded with hygroscopic aerosols or droplets
is much diminished the closer to maritime are the
CCN supersaturation, and cloud droplet size, spectra.
The data presented here support the conclusion of
Hobbs et al. (1985b) that “maritime” CCN spectra,
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leading to microphysically “maritime” clouds, occur
a significant fraction of the time over the High Plains.
Operational seeding using hygroscopic aerosols
should be targeted at clouds that are more continental
in nature in order to optimize precipitation enhance-
ment.
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REPLY TO A PAPER ENTITLED “REEXAMINATION OF HISTORICAL REGRESSION
ANALYSIS APPLIED TO A RECENT IDAHO CLOUD SEEDING PROJECT”

Don A. Griffith and Mark E. Solak
North American Weather Consultants
Sandy, Utah, USA

1. BACKGROUND

North  American Weather Consultants
(NAWC) conducted a winter cloud seeding project
for the Boise Project Board of Control in the mid-
1990's. The project was discontinued when some
wetter winters impacted Idaho in the latter 1990's. In
discussions with their Board of Directors in 2000 a
question arose as to whether increases in streamflow
that might be produced by a winter cloud seeding
project would be lost to hydro generation at Lucky
Peak Dam in the high runoff periods resulting from
spring and early summer snow melt. Some board
members indicated that the turbine capacities at
Lucky Peak could be exceeded in some situations.
This would obviously affect the value of the
additional water from cloud seeding. We conducted
an in-house study to determine if this might in fact be
the case. We (NAWC) subsequently published a
paper entitled “Economic Feasibility Assessment of
Winter Cloud Seeding in the Boise River Drainage,
Idaho” in the 2002 in the reviewed section of the
edition of the WMA Journal of Weather
Modification. That paper by Griffith and Solak will
herein be referred to as GS. The intent GS was to
explore the concerns of these board members and to
produce some estimates of the potential economic
benefits of the cloud seeding project, based upon
estimates of increases in snowpack water content
values on April 1¥. Although the method used to
produce the estimates of seeding effects was
described briefly in GS as background material, the
intent of that paper was not to present a definitive
explanation of the historical target/control analyses
that were used to establish the estimates of increases
in April 1% water content. More comprehensive
discussions on the target/control evaluations were
provided in our annual reports to our client, but have
not been formally published. The title of GS
indicated that it was an economic feasibility
assessment. We used the term estimate (or estimates)
in discussions of the potential increases in April 1%
snow water content. These numbers were never cited
as exact, nor could they have been, based upon the
type of analyses that were performed in the absence
of a randomized data set.

2. CONCERNS

Subsequently, a paper was published by
Super and Heimbach entitled “Reexamination of
Historical Regression Analysis Applied to a Recent
Idaho Cloud Seeding Project” in the reviewed section
of the 2003 edition of WMA Journal of Weather
Modification (Super and Heimbach, 2003). This
paper will herein be referred to as SH. In this
publication, the GS paper which had been reviewed
and published in the 2002 Journal is criticized and
characterized by inference as being gravely flawed.
The criticisms presented in SH ignore the stated
purpose of the original GS paper, which was by title
and content a practical analysis of economic and
operational project-specific issues. Instead, SH uses
the data to disparage not only the GS paper, but in
our view essentially any attempts to evaluate non-
randomized operational cloud seeding projects.

We were not made aware of the SH paper
prior to its publication, nor given the opportunity to
respond to it when it appeared in the 2003 Journal.
It has been our experience that the opportunity to
reply to criticisms is often granted in situations such
as these, e.g., in the Bulletin of the American
Meteorological Society. The WMA Journal itself has
used this approach recently (see the 2002 comment
by Bigg on a paper written by Long, and also the
subsequent reply by Long). A comment by Super
and Heimbach on our original paper, followed by a
reply from us in the same volume, from our
perspective would have been fairer, providing the
reader with all the relevant information and differing
perspectives at once.

In the absence of the comment and reply
scenario described above, another acceptable
approach would have been for Super or Heimbach, or
the Editor of the Journal to contact us directly to
ensure complete understanding of GS before
publishing SH. Some criticisms offered by SH are
not entirely without merit, but misrepresent the
intentions of GS, which as previously stated, were to
provide some sense of the economic feasibility of the
program.

To be sure, SH offers some valid advice as
to how operational projects might be conducted and
evaluated from the authors’ viewpoints. From our
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perspective, it would have made more sense for SH
to simply write and publish an original paper stating
their positions on how operational projects should be
designed, operated and evaluated.

3. AN IMPORTANT CONSIDERATION
FOR THE WMA

The WMA Statement on Standards and
Ethics was originally adopted in 1978 and recently
updated (2003). Under the section Standards of
Conduct for Specific Projects it states that
“Evaluations of projects are strongly encouraged.
Any limitations to evaluation will be reported to the
client. Procedures to be used in evaluations will be
specified in advance.” Regarding this issue, NAWC
has consistently attempted to perform annual
evaluations of our operational projects. We indicate
the difficulty in performing these evaluations and
limitations in interpreting the results to our clients
due to the non-randomized nature of these projects.

It has been NAWC’s practice to develop a
historical target/control evaluation (usually consisting
of the development of a linear regression equation)
following the first season of seeding activities. The
target and control sites are then normally maintained
in future seeded seasons unless any of the following
happens: 1) stations are discontinued, 2) some of the
control sites are subsequently included in the target
area of another cloud seeding project, 3) data quality
deteriorates. Should one or more of these situations
arise, a revised regression equation is developed,
retaining as many of the previous target and control
sites as possible while maintaining a high correlation
coefficient. The WMA statement says nothing about
the importance of third parties performing these
evaluations (as advocated in SH). Rather, we believe
the implication is that the cloud seeding contractor is
expected to perform these evaluations. We feel that
it is ironic that we have attempted to comply with the
WMA Statement on Standards and Ethics, and then
have been criticized for doing so with the tacit
approval of the Editor and Editorial Board of the
Journal. We direct the reader’s attention to the
statement in SH regarding evaluations of non-
randomized operational projects, in the context of
statistical estimations. “The more valid alternative is
to present no (our emphasis added) estimations of
seeding effectiveness because such estimates without
P-values must call into question amy (again, our
emphasis) interpretations of results. It is understood
that sponsors expect some evaluation of whether
seeding was successful. But they should be made to
understand that evaluation of operational projects
may provide suggestions but never scientific proof.”
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These are strong statements. It appears to us that
Super and Heimbach do not follow their own advice
in some of their ensuing statements in their 2003

paper.

This type of critical paper and especially the
manner in which it was published without any
opportunity for comment by those criticized may well
discourage others from publishing in the Journal of
Weather Modification. This is especially true of
papers containing any results derived to estimate the
effectiveness of operational projects. In a sense, this
is a very important precedent-setting situation since,
to our knowledge, no previous papers of this (SH
2003) type have been published in the Journal. This
negative outcome could be counter-productive to one
of the stated purposes of the Association that the
WMA, via its meetings and Journal, will serve as a
clearing-house and dissemination agent for weather
modification oriented literature and information.

4. ADDITIONAL
OBSERVATIONS

CONCERNS AND

It is our opinion that some of the
conclusions stated in the SH paper cannot be
accepted as proof. We submit that, just as it has been
suggested by SH that a posteriori analyses do not
provide an acceptable basis for conclusive statements
regarding the effectiveness of cloud seeding, SH does
not contain or cite any scientifically conclusive
evidence “proving” that cloud seeding is ineffective.
Thus, we believe that many of the negative points
stated by SH as though conclusive are merely
opinion and conjecture. Some examples of these
negative opinions are as follows:

e Page 31, “When frequent and significant melt
occurs prior to the sampling date, the historical
regression relationship is no longer valid for
evaluation of seeding effectiveness. Melt will be
a particular problem when it affects the snow
water content differently over target and control
areas”.  This statement assumes that melt
“problems” only occur during the seeded
seasons. Is it not more reasonable to assume that
melt also occurred during the 32 year historical
not seeded period and that the regression
equation(s) will compensate for this “problem”?

e Page 33, “April 1" SWE observations are
generally unsuitable for historical regression
analyses of winter orographic cloud seeding
effectiveness in the climate of southern Idaho”.
Certainly this statement needs a qualifier. This
is the authors’ opinion, not a proven fact.
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e Page 35, “Clearly the results of Table 4 and
associated P-values provide no basis for
considering the Boise Basin cloud seeding
project to have been effective in snowfall
augmentation up to March 1%. These results are
totally at odds with the findings of GS who used
April 1* observations”. How about the “results”
of Tables 5 and 6 in the SH paper which do show
positive values? We are unconvinced that SH
has proven anything by their “data mining”
(16,383 re-randomizations!), based upon their
own definition of scientific proof. Their initial
position was that it was not possible to
scientifically evaluate operational projects due to
the lack of randomization. Our understanding of
the idea behind re-randomization is to take an
indicated result (preferably one obtained in an a
priori fashion) and then test it through re-
randomization to determine its significance. Re-
randomization is not intended to find the “best”
predictor after the fact.

We believe that a double standard has been
allowed here. Any positive claims about the
efficacy of operational cloud seeding can be
challenged and subjected to some high standard
of statistical proof. It appears to us that any
negative comments can be made without
adhering to the same high standards of proof
expected of the positive statements.

e Page 35, “....an apparently impressive but false
suggestion of seeding effectiveness”. Again, just
an opinion, not a proven fact. (See again our
comment above about page 31.)

e Page 36, “Including poorly associated control
stations which marginally improve the mean
control correlation is a suspect approach”.
Another opinion, not necessarily fact. What
evidence was supplied that supports this claimed
“poor association”?

e Page 39, “....provides no reason to conclude that
seeding  was effective  in  snowpack
augmentation.” Italicized for emphasis by SH,
this is probably the most troublesome statement
in the entire paper. We are surprised that the
Editor and reviewers accepted such a strong
statement as if it were a proven fact and not just
an opinion. In the same section under
recommendations SH states “Choose and publish
all measurement stations and statistical
approaches to be used before data becomes
available from the first seeded winter”. This is
another example of a double standard. Again
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quoting from the SH document (page 38)
“...post project analysis results should be viewed
with considerable skepticism.”.  Given this
statement in SH, that paper should be viewed
with considerable skepticism since its analyses
were conducted after the fact.

Again, somewhat ironically, we did specify
the target and control sites following the first season
of seeding. The ensuing three seasons did provide
positive indications (+10.7%). SH argue for this
approach, but then proceed to conduct detailed
analyses after the fact (a posteriori) while
discounting the indications from our paper because of
a purported “snow melt problem.” First of all, the
reason our evaluation utilized April 1* water content
information was because it is standard practice in the
prediction of streamflow runoff in the western United
States to utilize April 1% water content values (the
National Weather Service uses this approach). Since
the goal of our 2002 paper was to investigate the
potential impact of the cloud seeding project upon
streamflow (at the request of our client), we utilized
April 1* snowpack information. This same approach
was utilized by Dr. Norman Stauffer of the Utah
Division of Water Resources in performing a similar
analysis (Stauffer, 2001) to estimate the potential
increases in streamflow from winter cloud seeding
projects being conducted in Utah (Stauffer, 2001). If
we had been asked, Super and Heimbach may have
been interested to know that we had performed a
concurrent target and control evaluation based upon
NRCS SNOTEL December through March
precipitation data. The same control sites were
maintained once they were selected after the first
season of seeding (1992-93). Many of the target sites
were at the same locations as the ones used in the
snow water content analysis. The precipitation
analysis indicated an average 8.5% increase for the
four seeded seasons. Since  precipitation
measurements would be unaffected by any “snow
melt” problems, these data support the positive
indications (if not the absolute values) obtained with
the snow pack evaluation. A break in seeding
operations during water years 1998-2001 (water year
1997 was excluded since seeding was conducted over
the Payette River drainage by Idaho Power) provided
an opportunity to gain some additional insight Using
the target and control stations that were established a
priori and the identical analysis method used to
evaluate the seeded seasons, the evaluation trials
indicated an average ratio of actual to predicted
April 1% snow water content of near unity (1.02) for
the four non-seeded winter seasons that immediately
followed the seeded seasons. If there really was a
snow melt problem with April 1% data, why did the
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regression analysis of the non-seeded seasons not
indicate such an effect? This argues against the
concern that global warming or some other
unidentified phenomena impact only the seeded
seasons of the early to mid 1990's, but not thereafter.
Further, seasonal analyses since the operational
seeding project was resumed in the 2001-2002 winter
season have shown a return to more positive
indications (these analyses are discussed in a later
section). This result is contrary to the statement in
SH that “The important point is that this evidence of
increased melt frequency in the last decade strongly
suggests that the historical regression relationships
were not constant with time” (page 32). Although we
have argued that the snow melt issue does not seem
to have produced a significant problem in multi-
season analyses of the Boise project, we
acknowledge that the potential of snow melt
influences is an issue worthy of consideration in the
evaluations of winter orographic projects, especially
if performed on a single season basis.

Another concern with the SH re-
examination is the carte blanche elimination of the
month of March from any assessment of potential
seeding effects, again justified only on the basis of a
purported snow melt “problem”. NAWC in-house
analyses of monthly target/control evaluations of a
long-term winter project being conducted in the State
of Utah have indicated that, statistically speaking, the
month of March has the highest indicated effects of
seeding of the four months (December through
March) that have been consistently seeded. One
hypothesis that might explain such an outcome is the
likely increase in embedded convection in springtime
storms. The presence of embedded convection could
increase the amount of supercooled liquid water that
is available, plus assist the vertical transport of
ground released seeding materials.

5. CLARIFICATION ON CRITIQUES OF
OUR WORK

We certainly welcome unbiased and positive
criticism of our work, such as one might expect from
peer reviewers of technical papers (incidentally, there
were two reviewers of our original paper, one with a
large number of comments). We gave serious
consideration to these constructive comments, made a
number of changes to the draft paper and submitted
the final version which we felt had benefited
substantially from the reviewer’s comments. The
negative tone taken by SH can only serve to polarize
the parties involved, and to heighten the debate about
operations versus research level-of-proof issues.
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6. DIFFERENT LEVELS OF ACCEPTANCE

In SH, Super and Heimbach are essentially
asking for levels of scientific proof expected of
research projects, yet GS reported on a non-
randomized operational project. This is obviously a
no-win situation, since without any randomization the
application of statistical tests is always subject to a
question of bias. A considerable number of
operational projects have been conducted in the past
and continue to be conducted without the requirement
of the level of scientific proof sought by SH.
Sponsors of operational projects are not naive. They
are practical decision makers. As our original paper
attempted to demonstrate, the potential benefit-to-
cost ratios can be significant from properly designed
and conducted seeding projects. Our original paper
suggests a possible ratio of 10:1 when using the
estimate of a 12% increase (considered a
conservative estimate since only one half of the
calculated increase in streamflow was used in this
calculation to account for periods when turbine
capacity could be exceeded). If one assumes that SH
is closer to estimating the real effect of seeding with
its estimate of an average 4% increase in the
December through February period, the benefit-to-
cost ratio would still be 3.6:1. We remind the reader
that our December-March precipitation analyses
indicated an average estimate of an 8.5% increase for
the four seeded seasons, which would result in a ratio
of 7.6:1. These numbers do not account for any
increased hydroelectric power generation from the
Anderson Ranch Dam, nor do they include the value
of the additional streamflow to irrigated agriculture
downstream of Lucky Peak Dam. In other words, the
project could be justified from a benefit-to-cost
standpoint based solely upon increases in
hydropower production from Lucky Peak Dam, based
upon what we consider to be conservative estimates
of the increases from cloud seeding and power
production. This was the real intent of GS, our
original paper, i.e., to demonstrate the potential
economic impacts of an operational project and
why sponsors of projects like this one are willing to
support such projects without the 5% or better
significance levels demanded of research projects. It
comes down to practical risk assessment and
decision-making. For example, can the sponsors of a
potential project accept the risk that there is perhaps a
20% possibility that there will be no effects from a
cloud seeding project to potentially multiply their
investment by a factor of 3 to 10? In the real world,
decisions such as these are made routinely in the
affirmative. We would all like a 95% or even better
99% confidence level that each decision we make in
life would be correct. However, we almost never
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have this luxury. Silverman (1978) concluded “Users
of weather modification are shrewd business people.
They understand that they are, in many cases, taking
a gamble when they use weather modification, but it
is no greater risk than they take in other aspects of
their business.”

The opinions expressed above are not just
our own. Dr. Roelof Bruintjes of NCAR in a cloud
seeding review published in the AMS Bulletin
(Bruintjes, 1999) makes the following observations:

“The fact that many operational projects
have been going on and have increased in number in
the past 10 years indicates the ever-increasing need
for additional water resources in many parts of the
world, including the United States. It also suggests
that the level of proof needed by users, water
managers, engineers, and operators for the
application of this technology is generally lower than
what is expected in the scientific community. The
decision of whether to implement or continue an
operational project becomes a matter of risk
management and raises the question of what
constitutes a successful precipitation enhancement
project. This question may be answered differently
by scientists, water managers, or economists
depending on who answers the question. This
difference is illustrated by the fact that although
scientific cloud seeding experiments have shown
mixed results based on the level of proof required by
the scientific community; many operational cloud
seeding projects are still ongoing. However, it also
emphasizes that the potential technology of
precipitation enhancement is closely linked to water
resources management. It is thus important that the
users of this potential technology are integrated into
projects at a very early stage in order to establish the
requirements and economic viability of any project
(Ryan and King, 1997). In addition, the continued
need for additional water and the fact that most
projects currently ongoing in the United States and
the rest of the world are operational projects
emphasizes the need for continued and more
intensive scientific studies to further develop the
scientific basis for this technology”.

The dichotomy we see is the desire of the
“scientific community” to convert operational
projects into research or quasi-research projects and,
perhaps on the other side of the fence, for the
operational groups to want to adopt new ideas being
tested in research projects into operational projects
too quickly. We, as a company, have in the past
supported and continue to support additional research
in this evolving technology. Our company has
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participated in the conduct of a number of prior
research projects. We do not, however, accept the
notion that the operational projects that we conduct
for our clients have to fit into the research mode or be
expected to individually produce unequivocal
“scientific proof” of the effectiveness of cloud
seeding.

7. A RE-START OF THE BOISE PROJECT

This Boise cloud seeding project was
inactive for a five year period (water years 1997-
2001) but was reactivated for the 2001-2002 winter
season. It has continued for the 2002-03 and 2003-04
winter seasons. NAWC was awarded the contract to
re-start this project through a competitive bid
process. NAWC has used the same project design
used in the conduct of the original four season (1992-
96) project that served as the basis of the GS paper.
The operational periods for the first two seasons of
the re-activated project were November 15, 2001 -
April 15, 2002 and November 1, 2002 — April 6,
2003.

Evaluations of the apparent effectiveness of
the seeding were provided in our reports to the client
for those two winter seasons. The same set of target
and control sites used in the earlier snowpack
evaluations discussed in GS (except Camas Creek
Divide, a target site, which was dropped because the
manual snow course observations were discontinued
in 2000) were again used to determine if there
appeared to be any effects from the seeding. The
ratio of the observed to estimated natural April 1%
snow water content for the 2001-2002 season was
0.91. This would indicate 9% less snow water
content than expected from the regression equation
prediction. The target and control sites used in a
1996 analysis of the December — March precipitation
(with one station added to the target sites to achieve
better representation of the mid-elevations of the
target area and one dropped from the control sites due
to poor data quality) were used to determine if any
effects of cloud seeding were indicated.  The
resulting observed-to-predicted ratio was 1.07,
suggesting a 7% increase in precipitation. This was
an unusual winter season with a disproportionately
large amount of precipitation occurring in the middle
(approximately 3500 — 6500’) elevations in central
Idaho compared to the higher elevations (>6500°). In
fact, we had concerns expressed by several of our
seeding generator operators in the mid-elevation zone
about the depth of the snowpack they were having to
deal with and even questioning whether the cloud
seeding should continue. It was theorized that the
difference in average elevations between the
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snowpack control sites (6377°) and target sites
(7387°) may have resulted in an overestimation of
snow water contents in the target area for the 2001-
2002 winter season. Nonetheless, the results from
these two analyses (snow water content and
December-March precipitation) were reported to our
client.

The evaluation of the 2002-2003 seeding
project provided some additional challenges. The
Idaho Power company re-started a cloud seeding
project on the Payette River drainage during this
winter season. The Payette River drainage is the
river basin immediately north of the Boise River
drainage. Idaho Power had previously conducted a
project in this area during the 1996-97 winter season.
Unfortunately, four of the seven control sites used in
the earlier snow water content evaluations for the
Boise River project were located in the Payette River
drainage. When the original regression equation was
used (with one of the sites dropped from the target
group since snow course measurements at this site
were discontinued in 2000) the resulting actual over
predicted ratio for the 2002-2003 winter season was
1.01, that is no indication of any effects of cloud
seeding. This outcome would be expected if the
Idaho Power project was successful in increasing
snow water content in the Payette River drainage
(i.e., more snow water produced through seeding at
the four control sites in the drainage would
artificially inflate the estimate of the natural amount
of snow water in the Boise River drainage). We
concluded that the project for the Payette drainage
had been successful, so that some of our control sites
had been contaminated and therefore we needed to
establish a new set of control sites to be used in the
2002-2003 evaluation.

A set of nine sites was judged to be the best
alternative set for a new control group, based upon
1) their correlation with the target area, 2)
geographic bracketing of the target area, and 3)
similarity to the target area in terms of elevation and
meteorology. These nine sites were selected and a
new linear regression equation developed before the
equation was used to estimate the amount of April 1*
snow water content in the target area. That is, the
selections were made mathematically to achieve the
best correlations prior to any estimation of the
resultant evaluation indications. Adhering to this
sequence removes any deliberate bias on our part (for
example, this procedure precludes our deliberately
selecting a set of control sites that yielded a positive
result or tuning the group for a best result).

When the April 1 snow water content at the
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alternate grouping of sites was averaged for each
historical year and compared to the average for the
target area snow water content, the two groups were
found to be strongly correlated with one another, a
correlation coefficient (r) of .966 (compared to 0.978
for the original control group). This means that
approximately 93% of the variance is accounted for
in the regression equation developed from the
historical (non-seeded) period. Somewhat lower
correlation for the alternate control group than for the
original group is not surprising, since the original
group includes many sites in closer proximity to the
target areca. However, the correlation between the
alternate control group and the target group is still
very great. The average elevation of the alternate
control sites is 6,898 feet MSL, somewhat higher
than the 6,377 foot average for the original control
group and closer to the target site average (7,387
feet) than the original. The lowest alternate control
site is located at 6,240 feet, compared with 5,380 feet
in the original control group.

When the new regression equation
established through this procedure was used to
calculate the natural snow water content for the 2002-
2003 winter season, the observed-to-predicted ratio
was 1.10 which would suggest a 10% increase in
April 1% snow water content. If the indicated effects
from the five seeded seasons (1993-1996 and 2001-
2002) using the original control sites are combined
with the indicated 10% increase for the 2002-2003
season using the alternate control sites, the average
difference is +7.5%, with an average estimated
increase in April 1% snow water content of 1.68
inches per season.

As was the case in the snow water content
analysis, the observed-to-predicted ratio for the
December-March precipitation was 0.87 for the
2002-2003 winter season. This again indicated a
seeding effect on three of the control sites due to the
Idaho Power seeding project in the Payette basin. A
similar process was used to establish a new grouping
of control sites for a December-March precipitation
evaluation. A grouping of eight sites was judged to
be the best alternative set for a new control group,
based upon 1) their correlation with the target area, 2)
geographic bracketing of the target area, and 3)
similarity to the target area in terms of elevation and
meteorology. These eight sites were selected and a
new linear regression equation developed before the
equation was used to estimate the average amount of
December-March precipitation in the target area.
Again, site selection prior to this analysis, as
indicated in the snow water content analysis, removes
any question of deliberate bias on our part. The
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historical years of 1982-1992, and 1998-2001, were
used in the development of the linear regression
equation. This period was selected in order to
include only those years that data were available
from SNOTEL observations (i.e. no estimated data),
and excluded the water year of 1997, which was a
seeded year in the Payette drainage. The resulting
linear regression equation had a correlation
coefficient of 0.94 (an r value of .88). This equation
was used to predict the amount of December-March
precipitation in the target area for the 2002-2003
winter season and then compared to the observed
precipitation. The resulting observed-to-predicted
ratio was 1.13, which suggests a 13% increase in
precipitation. When this information was combined
with the prior five seasons of seeding using the
original control sites, the average indicated increase
was 6% with an average seasonal increase of 1.18”.

We felt it was important to document that
there were continued indicated increases in both
snow water content and precipitation after the project
was re-started. The average indicated increases are
7.5% April 1% snow water content and 6% for
December-March precipitation. The 7.5% indicated
increase in snow water content was used to estimate
the average annual benefit from this project in terms
of hydropower production only, as was done in the
original GS paper. Working under the same
assumptions and using the average runoff of the first
four seeded years as representative of the six seeded
seasons (official USGS data are not yet available for
2002 and 2003), the average annual value would be
$584,598. Dividing this amount by the estimated
cost of conducting this winter’s project ($90,000)
would result in an estimated benefit/cost ratio of
6.5:1. This analysis is considered conservative in
nature since 1) only one-half of the estimated
increases in annual streamflow were used, 2) it does
not include any estimate of the value of additional
electricity produced from the Bureau of Reclamation
Anderson Ranch Dam facilities, and 3) the value of
the additional irrigation water downstream of Lucky
Peak Dam is not considered in this analysis.

8. SUMMARY

In summary we offer the following points
for consideration:

e Ongoing evaluations of the Boise River project
continue to indicate positive effects from cloud
seeding that average from 6.0-7.5% for six
seeded winter seasons.

e During a four winter non-seeded period between

an earlier seeding project period of 1993 and
1996 and the restart of the seeding project during
the 2001-2002 winter season, the regression
equation developed after the first season of
seeding (1992-1993) was used to estimate the
target area snow water content. The average
observed/predicted snow water content April 1*
ratio was 1.02. This suggests no effect of
seeding as would be expected, and also provides
no indication of a “snowmelt” problem claimed
in SH to have influenced the four seeded
seasons.

Any evaluations or reviews of non-randomized
projects by “independent” parties need to
provide the evaluation procedures, equations to
be used, etc. prior to the beginning of the
evaluations (preferably before any seeding is
conducted). Otherwise, the intentional or
unintentional biases of the “independent”
reviewers are either likely to influence the
conclusions reached through this “independent”
evaluation or there may well be a suspicion of
such biases coming into play. Repeated re-
analyses using different procedures, control
gauges, or time periods are subject to the same
criticisms as would be multiple evaluations
conducted a posteriori by a contractor. Thus, the
“conclusive” statements in SH should be
considered as opinions, not as unequivocal facts.
The 2003 WMA Statement on Standards and
Ethics states the following: “Evaluations of
projects are strongly encouraged. Any
limitations to evaluation should be reported.
Procedures to be used in evaluations should be
specified in advance.”

The evaluation of operational projects presents
challenges first of all because they are not
randomized. Less statistically rigorous
evaluation techniques (e.g. target vs. control) are
therefore necessary if we wish to attempt to
evaluate operational projects at all. There
always seems to be a segment of the weather
modification community that says “your
evaluation techniques are not good enough”.
Our question to this segment is as follows: What
is your solution and is your solution an
affordable and established technique?  We
seldom, if ever receive any alternative
suggestions to the target vs. control evaluation
approach other than randomization. Some of the
other challenges of evaluating operational
projects relate to the availability of both current
and historical data that can be used in the
evaluations. Ideally, we would like to find



22 JOURNAL OF WEATHER MODIFICATION

snowpack control sites at the same elevations as
the target sites that are well correlated with the
target sites. Oftentimes the unavailability of
historical data precludes this desirable mix of
control and target sites. Ideally, we would like to
establish one set of target and control sites that
would be used throughout the duration of the
seeding project. However, in the real world,
stations are retired, data quality declines, or a
cloud seeding project may be initiated in an area
that contains some of the “control” sites. Should
we give up the evaluation attempts at that point,
or do we develop new regression equations to
address the new reality? We think the latter
course of action is the obvious choice. Is it time
for the WMA to attempt to develop a list of cost
effective and acceptable techniques that may be
used to evaluate operational seeding projects?
Perhaps so.

e It is our opinion that the Editor and Editorial
Board of the WMA need to develop standard
procedures to be used in accepting or rejecting
highly critical articles submitted for publication
in the Journal of Weather Modification. For
example, comment and reply procedures, and the
grounds on which papers submitted to either the
reviewed or non-reviewed sections can be
rejected, should be established. How are papers
that are critical of others’ work to be handled in
light of the phrase in the recently adopted WMA
Statement on Standards and Ethics that says
“The operator or manager will not unjustly
criticize fellow workers in the profession?”
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IN MEMORIAM
DR. JOHN ALBERT FLUECK
1933- 2003

Roger .F. Reinking
Boulder, CO

A Las Vegas colleague attended a lecture on
quality in business. The lecture was unimpressive, but
he wondered, “Who is this fellow up front who thinks he
is the keeper of the intellectual property of the world?”
An introduction led to a very productive relationship,
and a deep appreciation for John Flueck. John, 70, died

September 25, 2003 in Las Vegas. He was born in
Cincinatti on April 13, 1933, and retired as a Visiting
Professor, Department of Management, University of
Nevada Las Vegas (1992-1998) where he previously
served as Director of the Environment Statistics and
Modeling Division, Harry Reid Environmental Research
Center. He moved to Las Vegas from Boulder,
Colorado, where he worked as a Senior Research
Fellow at the National Atmospheric and Oceanic
Administration and the National Center for Atmospheric
Research.

In the late 1970°s, Merlin Williams of NOAA’s
Weather Modification Program Office hired John
Flueck to critique the Florida Area Cumulus
Experiment, directed by a WMA past-President, Bill
Woodley. Sparks flew as John took on his standard role
as an abrasive “Grand Inquisitor”. However, John knew
his statistics and how to run a randomized cloud seeding
project, and Bill and John eventually developed the
mutual respect of a very beneficial friendship. Bill
notes that he “even found John’s irreverent behavior
refreshing—as long as someone else was on the
receiving end; he made life and science enjoyable and
interesting with his keen, sarcastic wit and sharp mind.”
John may be forgiven for his lack of social graces,
which he more than made up for with his parched but
provocative humor that could invoke intense laughter
and insight in the direst of situations.

In weather modification in the 1980’s, John
emphasized the steps in the physical chain of events in
designing experiments as a means to remove just one or
two levels of wuncertainty, to move emerging
experimental results beyond gridlock. He promoted high
standards as he participated in evaluations and
workshops on the Greek hail-suppression and Thailand
rain-making experiments, among many others. The
depth and breadth of John Flueck’s knowledge and
energy is evident from his accomplishments. He
received his MBA and PhD from the Graduate School
of Business, University of Chicago. He co-established
the Dept. of Statistics, Temple University and the
Statistics in Sports section of the American Statistical
Association. The reason for the latter is clear: He was
an intense competitor in skiing, tennis, sailing, soccer,
football and track. He served as a consultant to the
NCAA, EPA, NSF, DOE, and the FAO and WMO of
the United Nations, and published some 100 papers in
statistics, atmospheric science, climate, environmental
sciences, data graphics, and business quality and
productivity improvement. He served in the Office of
Statistical Policy, OMB, Executive Office of the
President and on the Malcolm Baldridge National
Quality [in business] Award Board, and helped to found
the Nevada Governor’s Awards for Performance
Excellence. John was a Fellow of the American
Statistical Association and the American Association for
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the Advancement of Science. Even so, he was always
modest.

John’s second wife, Judit, herself an astute and
strong personality, accuses me, affectionately, of
instigating their marriage. Her escape from a communist
block country prepared her well for managing John.
Three sons, Alex, David, and Michael, and stepson
Mark, all speaking at the memorial service, recalled
how John carried his constant probing to the dinner
table, offering them daily challenges as they were raised
by the disciplinarian who described himself as the
“Prussian Colonel.” In the end, their mutual great
fondness and highest regard for this unusual father and
husband is very evident. Colleague Bill Hooke of
NOAA, now at the AMS, notes appropriately that “life
was always a little better after you talked with John”.
This brilliant man ironically and tragically succumbed
to a dementia related to Alzheimer’s and Parkinson’s
disease. With my own deep appreciation for John, I
sorely miss the Grand Inquisitor and Drought-dry
Humorist, a professional and personal dear friend.

Roger F. Reinking
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THE SOUTHERN OGALLALA AQUIFER RAINFALL (SOAR) PROGRAM —
A NEW PRECIPITATION ENHANCEMENT PROGRAM IN WEST TEXAS AND
SOUTHEASTERN NEW MEXICO

Duncan Axisa
Plains, TX

Abstract. The Sandy Land Underground Water Conservation District, South Plains Underground Water
Conservation District, and the Llano Estacado Underground Water Conservation District have participated with the
High Plains Underground Water Conservation District #1 for a number of years in their precipitation enhancement
program. Convinced from past assessments that precipitation enhancement is a potential water management tool, the
three boards decided that a program beginning in 2002, apart from the High Plains would be beneficial. The Texas
Department of Licensing and Regulation (TDLR) issued a permit on January 31, 2002 authorizing a weather
modification program to conduct rainfall enhancement in Yoakum, Terry and Gaines County. Additionally, with the
cooperation of the State of New Mexico, an area west of Gaines and Yoakum Counties is included in the target area.
This precipitation enhancement program was named Southern Ogallala Aquifer Rainfall (SOAR) program. This
document presents a brief summary of the SOAR 2003 annual report detailing an effort to systematically
characterize the clouds, precipitation and the seeding effectiveness of the SOAR program. Independent evaluations
show average rainfall increases of 68% and 52% in favor of a seeded cloud when compared to a matching control
cloud. This results in an average estimated benefit/cost ratio of 235/1.

1. INTRODUCTION frequency of convective clouds is observed or
anticipated. The objective of the field studies should
A scientific evaluation of cloud seeding for be to document: a) background concentrations, sizes
rainfall enhancement requires several efforts and chemical composition of aerosols that participate
designed to systematically characterize clouds and in rainfall processes, b) size resolved nucleation
precipitation in order to determine their potential processes at variable super saturations of hygroscopic
response to seeding. The two fundamental questions aerosol particles and their effect on the cloud droplet
that SOAR has searched to answer during its first spectra, and c) the degree of ice nucleation achieved
year of operation in 2002 were 1) whether the by glaciogenic cloud base and cloud top seeding.
frequency of clouds in the area and the associated
weather patterns warrant the need for a cloud seeding 4. Assessment and improvements in the data
program, and 2) are the clouds that occur receptive to collection of rainfall, with an emphasis on the
glaciogenic and/or hygroscopic seeding? integration of conventional methods (surface rain-
gauges) with more frequently used methods that
The SOAR program has defined specific demonstrate better spatial coverage and temporal
long term objectives that would systematically resolution (radar).
characterize the clouds, precipitation and the seeding
effectiveness of a rainfall enhancement program, This report presents a summary of the
including: efforts employed by SOAR to characterize the
clouds, precipitation and the seeding effectiveness of
1. A climatology of thunderstorm tracks and the SOAR program and details the recommendations
cloud characteristics as recorded by weather radar made that would improve on current achievements.
over several years to determine the suitability of
clouds and their frequency of occurrence. 2. A CLIMATOLOGY OF THE SOAR
TARGET AREA
2. A continued assessment of seeded versus
non-seeded clouds by independent qualified The climate of the Llano Estacado Region is
evaluators using scientifically accepted classified as a dry, steppe type. The region is
methodologies and statistical methods. characterized as semi-arid, with a wide range in
temperatures. In an average year, about 80 percent of
3. Launching carefully designed field the annual rainfall occurs during the warm season
programs, using an instrumented cloud physics (May through October). Monthly rainfall quantities

aircraft and weather radar during periods when a high ordinarily decline markedly in the colder months of
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the year, when frequent periods of cold, dry air from
North American Polar Regions surge southward and
cut off the supply of moisture from the Gulf of
Mexico and the Mexican Monsoon. The long-term
average (1945 through 1997) precipitation received
in the region is 18.4 inches. The average ranges from
a high of 22 inches per year in a small area in Crosby
County, to a low of about 16 inches in Cochran
County. Most of this precipitation is mainly
convective during the warm season and thus it is
more localized and its spatial and temporal
distribution as well as the intensity of rainfall is
highly variable.

It is widely accepted that the primary source
of low-level moisture for the United States east of the
continental divide is the Gulf of Mexico. However,
Texas also receives moisture from the Eastern Pacific
Ocean moisture carried into Texas from the
southwest by tropical continental airmasses. It is
necessary to examine the synoptic conditions that
initiate convection in the target area and to analyze
the sources of moisture that fuels thunderstorms.

Early in the growing season, convective
initiation is caused by eastward moving cyclones.
The topography of the region channels warm moist
air from the Gulf of Mexico northward and cold dry
arctic air from Canada southward. These two very
different air masses, together with westerly
downslope flow off the Rockies, have important
influences on the convective mechanisms in the
target area. The confluence of warm dry air off the
southern Rockies and warm moist air from the Gulf
of Mexico produces a strong west-east gradient in
moisture called the dryline. The motion of the spring
and summertime southern High Plains dryline in the
absence of any large-scale weather systems usually
exhibits a diurnal trend. In general, this trend is
described as an easterly advance of the dryline during
the daytime and a westerly retreat at night. It is
known that convective development often is
collocated with the dryline and such development
may lead to thunderstorm initiation dependent upon
various airmass properties in the vicinity of the
dryline. Another important feature during this period
is the cold front and how it combines with the dryline
to act as a focus for convective development.

The middle of the growing season is
characterized by a period of transition from the cold
season circulation regime to the warm season regime.
This is accompanied by a decrease in mid-latitude
synoptic-scale transient activity over the continental
United States as the extratropical storm track
weakens and migrates poleward to a position near the
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Canadian border. The upper air becomes rather
stagnant with a persistent pattern of a high-pressure
ridge over the desert southwest. A prolonged east to
west flow in the lower levels of the atmosphere
increases the moisture from the eastern plains to the
Continental Divide. Most of the convection remains
confined to the mountainous areas of southwest
Texas and southeastern New Mexico due to upslope
low-level winds and upslope flow. Other areas rely
on diurnal heating and humid conditions with some
upper air feature support from disturbances rotating
in the periphery of the high pressure for convection.
When an upper level low pressure develops in the
northern Pacific, the ridge breaks down and a trough
pushes an occasional cool front, bringing some
temporary relief from the heat in the Mid West and
the Great Plains. However, these fronts usually stall
to the north of the region due to a strong southerly
flow.

The latter part of the growing season is
characterized by the onset of the Mexican Monsoon
in southern and southeastern New Mexico. The main
synoptic feature is a persistent broad high-pressure
ridge at the upper levels meandering over the
southern plains and the desert southwest. This feature
increases the convective inhibition due to synoptic
scale subsidence over the region. The convective
energy is weak and convection is hard to forecast due
to the lack of a surface feature. The sea level pressure
of the southwestern United States increases
significantly and leads to the development of a
thermally induced trough in the desert southwest.
Surges of tropical continental air with convection
along this trough are very common. Tropical
maritime influences from the Gulf of Mexico may
also be observed even though most of this moisture
remains to the southeast. During this period the ridge
over the western United States weakens as the
monsoon high retreats southward and Mexican
Monsoon precipitation diminishes.

3. CLOUD SEEDING IN THE SOAR
TARGET

The objective of the SOAR program is to
increase rainfall when rain-bearing clouds are known
to have poor rainfall efficiency. The SOAR project
currently uses glaciogenic seeding to improve the
efficiency of the cold rain process. The target of such
seeding operations is the supercooled water, which is
found in the cold part of the cloud above the freezing
level.

3.1 The methodology of glaciogenic seeding
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The agent used is silver iodide, which is
released in clouds to empower the formation of ice
aggregates. The maximum efficiency for aggregation
occurs around -5°C. Seedable clouds must have top
heights around this temperature but warmer than -
15°C.

Typically, clouds are seeded at -5°C level
and the silver iodide is released in the early stages of
development and within the first half-lifetime.
Dosages should reach the dynamic mode of seeding,
around 100 ice-nuclei per liter of supercooled
volume. Radar volume scans are used to measure the
exact dosage required to reach the dynamic mode.
Clouds that are seeded are very carefully chosen in
that the in-cloud coalescence of the clouds is closely
monitored using the Index of Coalescence Activity.
There are two methods of glaciogenic cloud seeding
utilized by the SOAR program, 1) cloud base seeding
and 2) cloud top seeding.

3.1.1 Glaciogenic seeding at cloud base

Glaciogenic seeding at base is accomplished
by injection of 40 gram Silver lodide pyrotechnic
flares into cloud updrafts in excess of 200 feet per
minute near the bases of clouds along predetermined
tracks 10 to 30 miles upwind of the target area.

3.1.2 Glaciogenic seeding at cloud top

Glaciogenic seeding at cloud top is
accomplished by an aircraft flying just above the
freezing level that drops up to two ejectable Silver
Iodide pyrotechnic flares, each flare releasing 20
grams of Silver lodide smoke, into the top of the
growing cumulus cloud 10 to 30 miles upwind of the
target area.

32 Pyrotechnics used

The pyrotechnics used for seeding at cloud base and
on top are manufactured by Concho Cartridge.
Reports from cloud chambers show that the flares are
producing about 10"13 ice-nuclei per liter at 5 °C,
and about 2 x 10"13 at -5 °C.

33 Quantifying a seedable cloud

Clouds are considered to be seedable for
increasing precipitation according to the static-mode
seeding concept if 1) the collision-coalescence
process is inefficient, 2) the rate of formation of
supercooled condensate exceeds or is comparable to
the rate of depletion of supercooled water, and 3) if
there is sufficient time to grow seeding-induced
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precipitation particles that can reach the ground
(Silverman, 2001). These seedable criteria specified
by the static-mode definition are difficult to apply
practically because of the lack of quantification.

33.1 Extensive use of TITAN to quantify a
seedable cloud

The TITAN software processes volume scan
data from the SOAR 5cm radar recording a full
volume scan in 3 minutes. The data allows analysis
of different variables such as storm identification,
location, area, volume, mass of precipitation,
Vertically Integrated Liquid (VIL) as well as rates of
variation of these parameters.

TITAN provides a tool for an appropriately
trained meteorologist to quantify a seedable cloud
appropriately. The meteorologist usually undergoes a
series of decisions that may be best characterized as:
Nowcasting, decision time, qualification, treatment,
maintenance and termination.

1. Nowcasting is when the meteorologist is
monitoring the atmospheric conditions desirable for
deep convection and seedable clouds to form. This
decision is taken after studying the meteorological
model output that forecast the prevailing
thermodynamic conditions. This process is usually a
routine analysis of upper air conditions and surface
conditions. Nowcasting of the possibility of
thunderstorms follows and weather modification
pilots are briefed accordingly.

2. Decision time is when the meteorologist
decides to launch a seeding operation based on
his/her observations of the current and forecast
atmospheric conditions. This decision is usually
taken after observing cloud echoes on TITAN and the
echo development trend. Sometimes an operation is
launched after watching clouds grow visually or by
observing the surface temperature reach a threshold
when convection is expected to initiate or intensify.
For an operation with good timing, decision time
should be preceded by qualification.

3. Qualification is when a cloud becomes
seedable. This decision can be made visually by the
pilot observing a cloud before it is detected by radar.
Most frequently, a cloud is observed on radar before
seeding occurs. In the SOAR target area, a seedable
cloud echo usually reaches a VIL of 10 kg/m’ and
continues rising. The volume of the cloud echo
should be in the order of 200km® with cloud tops
above 8 km. The development trend of other clouds
outside the target area is usually observed to
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determine the growth characteristics and the lifetime
of the clouds. A short lifetime does not allow much
opportunity for seeding. On TITAN, a seedable cloud
usually shows a pocket of about 15% of the echo
volume with a higher reflectivity at or slightly above
40 dBZ reflectivity at an altitude ranging from 6 to
10 km. This is characteristic of a cloud with weak
coalescence and with a loading of supercooled liquid
water above the freezing level early in its lifetime.

4. Treatment is the time after initial seeding.
Occasionally, treatment may be preceded by
qualification in isolated cases. In most cases,
however, a cloud qualifies as seedable and the
meteorologist instructs the pilot to start seeding. The
seeding starts when the pilot encounters, locates or is
directed to the updraft portion of the cloud where the
agent is released. The updraft usually has to exceed
200 feet per minute.

5. Maintenance is when a constant rate of
seeding is established with continued observations of
growth in the echoing volume. During this period the
cloud echo has not reached it’s half-life time. Careful
analysis of the dynamic variables of the cloud echo
and their trend is necessary to define the half-life of
the cloud. The pilot usually continues to experience
updrafts and the meteorologist is able to locate areas
of new growth within the cloud structure.

6. Termination is when seeding is stopped.
A seeding operation is usually terminated either due
to the absence of updrafts and/or due to the cloud
echo exceeding its half-life time. When the National
Weather Service issues a warning on the seeded
cloud, the seeding is terminated.

3.3.2  Quantifying the collision-coalescence

process

The Index of Coalescence Activity (ICA) has
been developed as a predictor of in-cloud collision-
coalescence activity using an atmospheric upper-air
sounding. The ICA is best described as the summation of
the collision and collection efficiency, which results in
the coalescence efficiency. Since the inception of the
SOAR program in 2002, the ICA has been used
extensively as a measure of quantifying the seedability of
a cloud.

3.3.2.1 The Index of Coalescence Activity (ICA)

Strautins et al. (1999) document the physics
involved in the derivation of the Index of
Coalescence Activity (ICA) and its relation to
coalescence. The ICA is given by the equation:
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ICA=8.6— TCCL + 172(PB)

The temperature at the convective
condensation level (T¢cp) is an approximation of the
cloud base temperature and PB is defined as the
temperature difference at 500 mb (18000 ft MSL)
between the pseudoadiabat that runs through cloud
base and the environmental temperature. This data is
retrieved from an atmospheric upper-air sounding.

With this solution, negative ICA values are
indicative of conditions when supercooled drizzle
and raindrops are found in the clouds. If the ICA is
strongly negative, the raindrop concentrations will be
less because many of the drops will already have
fallen from the clouds before reaching -10°C. When
the ICA is positive, little, if any, supercooled drizzle
and raindrops are expected in the clouds (Strautins et
al., 1999).

3.3.2.2 ICA for the SOAR target area

The number of positive vs. negative ICA
ratio values (3:1) for the SOAR target area shows that
there are good opportunities to investigate further the
introduction of hygroscopic seeding in phase with
glaciogenic seeding. This can also be justified after
analyzing the differences in the moisture sources
during the growing season as described in the SOAR
climatology. Hygroscopic seeding is needed when
ICA values are high and positive. This would make it
possible to increase the level of success further if it
were possible to use hygroscopic seeding to promote
coalescence in continental clouds that have weak
coalescence, increasing the efficiency of rain bearing
clouds and eventually rainfall.

4. CONCLUSIONS

A careful examination of the meteorological
conditions that are conducive to convective
development has shown that seedable clouds navigate
through the SOAR target area with a sufficient
frequency to warrant a cloud seeding program.
Independent evaluations by Woodley Weather
Consultants (WWC) (Woodley, 2003) and Active
Influence and Scientific Management (AISM) (Ruiz,
2003) have demonstrated that such clouds are
receptive to glaciogenic seeding and respond
positively producing additional rainfall. Advances in
remote sensing technology has established radar as
the tool of choice for evaluation of cloud seeding
programs versus the use of more conventional
methods such as rain gauges. The findings outlined in
the 2003 SOAR Annual Report including the
information provided by the independent evaluators
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has led to the following conclusions:

1. Precipitation meets about 60 percent of
urban landscape water and irrigated crop demands. It
provides all the water for surface reservoirs and all
the water for rangeland and dryland crop production.
By 2050 the region would be able to supply only 93
percent of the projected water demands unless supply
development or other water management strategies
are implemented (TWDB, 2002). The Llano Estacado
Regional Water Planning Group identified
precipitation enhancement as one of the seventeen
potential strategies to conserve water. Rainfall
enhancement could potentially relieve the deficit in
the projected water demand.

2. Meteorological conditions, thunderstorm
track climatology, Index of Coalescence climatology
and the high occurrence of severe weather in the
SOAR geographical region all indicate that the
frequency of clouds in the area and the associated
weather patterns warrant the need for a cloud seeding
program. The prevailing drought conditions limits the
frequency of clouds, but the number of observed
cloud systems that develop in the SOAR region are
big producers of rain and have responded positively
to glaciogenic cloud seeding. The Woodley and
Rosenfeld method of evaluation shows that projects
located in the western half of Texas are much more
positive than those results from projects located in
the eastern half, suggesting that the seeding
conditions are more favorable in the west than in the
east. If true, it may be due to the more intense
coalescence activity in the east that results in early
cloud glaciation, leaving a smaller window of
opportunity for seeding intervention (Woodley,
2003).

3. Clouds that do occur are receptive to
glaciogenic  seeding. Independent evaluations
conducted by Active Influence and Scientific
Management (AISM) (Ruiz, 2003) and Woodley
Weather Consultants (WWC) (Woodley, 2003) show
average rainfall increases of 68% and 52% in favor of
a seeded cloud when compared to a matching control
cloud respectively.

4. The scientific community seems to have
reached a consensus that for continental convective
storms that predominate the Texas high plains, radar
should be the primary tool in detecting seeding
signatures. Rain gauges should be wused to
quantitatively calibrate the radar data. Rain gauges
used for such an application should have the
capability of recording rainfall in real time.
Obviously, this makes the SOAR rain gauge network
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immediately redundant due to its inability to record
rainfall in real time.

5. Both the Active Influence and Scientific
Management method and the Woodley and Rosenfeld
method of evaluation of past SOAR cloud seeding
events show significant increases in rainfall.

Active Influence and Scientific Management
(AISM) conclude that seeding operations in 2003
appeared to improve the dynamics of seeded clouds.
Seeding operations by cloud bases showed
appreciable better performance and results than those
made by the tops (Ruiz, 2003). Although this may
indicate that seeding at cloud base may be a more
effective methodology, SOAR has expressed its
concerns to AISM in using the TITAN method to put
forward such a suggestion. Seeding on top was
conducted on 8§ cases. On 4 of those cases, seeding on
top took place before the cloud echo appeared on
radar, which means that microphysical changes in the
clouds and the reflectivity of the echo had already
started to occur before TITAN had recorded or
archived any data on the cloud system. This may
produce significant errors in finding a match as a
control, which makes it apparent that seeding on top
was less effective. In addition, a sample size of 8
cases is too small to make any conclusions, especially
when 4 of those cases where seeded before TITAN
archived any data. Nonetheless, AISM concludes that
SOAR has increased the rainfall by 86% in clouds
that produce a precipitation mass less than 10000
kilotons, 76% in clouds that produce a precipitation
mass more than 10000 kilotons and 42% in clouds
that are seeded after a lifetime of 1 hour. This makes
the average total increase in rainfall at 68%
producing a total of 248491 acre-feet of water over
the SOAR target area (Ruiz, 2003).

The Woodley and Rosenfeld method uses
radar-defined floating targets to show increases in
areas, duration, and rain volume of seeded clouds.
The Woodley and Rosenfeld method provides clear
proof of microphysical changes to simple cloud
systems, with indications based on statistical results
that precipitation has been increased in most cases.
This analysis shows that the SOAR program has
increased the average rainfall in seeded units by 52%
in 2002. Each seeded unit shows an average increase
of 5000 kilotons or about 0.1 inches over its
unseeded counterpart. The apparent change in total
unit rainfall due to seeding (the total change in unit
rainfall is the product of the average rain increment
per unit and the number of analysis units) was around
306739 acre-feet (Woodley, 2003). These results not
only indicate an increase in rainfall due to seeding,
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but these results have achieved appreciable P-value
support showing that the rainfall increases are very
significant and that the probability that the results
achieved where due to chance is very small (5% or
less).

6. Using WWC’s value for the total average
increase in rainfall for the 2002 season and adding
this to the AISM value for the total average increase
in rainfall for the 2003 season would give the total
average rainfall increase in 2002 and 2003 amounting
to 555230 ac ft over an area of 5916000 acres. The
cost per acre-foot of water produced by cloud seeding
can be inferred by considering the cost of the SOAR
program in 2002 and 2003. So far, the cost for cloud
seeding in the participating counties of the SOAR
program, based on average total values of rainfall
increases of seeded clouds versus there matching
non-seeded clouds can be assumed at an average
value of 51 cents per acre foot of water produced by
cloud seeding. One can go further and assume that a
local farmer spends about $120 per acre-foot in
pumping costs from underground water wells. This
gives an average estimated benefit/cost ratio of
235/1. This means that for every dollar spent by
participating counties of the SOAR program, the area
benefits $235.

5. RECOMMENDATIONS

In view of the conclusions drawn above, the
following recommendations are being made:

1. The results of the evaluations presented
by AISM and WWC are a clear indication that the
SOAR program is running a successful rainfall
enhancement operation. The Woodley and Rosenfeld
methodology includes statistical rerandomizations
and corrections made for selection bias with the
inclusion of very stringent selection criteria for
suitable control clouds. However, scientists require
that cloud seeding experiments be randomized, the
physical hypothesis postulated be proved with
sufficient P-value support and that the results be
replicated. The results presented by WWC should not
be viewed as substitutes for randomization and
subsequent replication. It is therefore recommended
that SOAR work closely with a scientific team to
create an experimental randomized cloud seeding
program within the SOAR target area. A large
number of experimental units is required to detect a
relatively small seeding effect that needs to be
distinguished from chance variations and the natural
variability in cloud systems. This may mean long and
expensive experiments and may take several years.
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2. Such a study should investigate the total
seeding effect on all seeded storms’ rainfall and how
it compares quantitatively to an area seeding effect.
So far evaluations have been relatively successful in
showing a positive seeding effect of a seeded cloud
when compared to an appropriately matched control,
but no scientific study has been attempted to show
how this seeding effect alters the area rainfall. The
Woodley and Rosenfeld method has been the closest
methodology in approaching such an endeavor in that
all cloud systems are analyzed on a scale of roughly
2,000 km®. The scientific community recommends
that such an analysis be conducted using the latest
radar technology available, with rain gauges used for
ground validation.

3. It has been shown that TITAN is an
indispensable tool in conducting cloud seeding
operations. However, the SOAR project 5 cm radar
was manufactured in 1978 and over the past few
decades there have been considerable advances in the
development of remote sensing technology and
ground-based radar. It is recommended that SOAR
upgrade its radar to match the current technology that
would help the program to meet the challenges of
weather modification. NEXRAD data will be
available in the Spring 2004. The Midland and
Lubbock NWS NEXRAD sites will cover the SOAR
target area. The data will include a better-quality
radar estimated rainfall product making radar
estimated rainfall a much better tool in evaluating
cloud seeding effectiveness.

4. The Woodley and Rosenfeld method has
shown that the seeding effect is very strong after 75
to 450 minutes after the time of initial seeding. There
is no question that seeding treatment early in the life
cycle appears to show the greatest seeding effect. It is
recommended that cloud seeding commence 15 to 30
miles upwind of the SOAR target area.

5. It has been shown that the climatology of
the SOAR target area is suitable for cloud seeding. It
is recommended that the SOAR meteorologist
continue to define and quantify the seedable
conditions within the SOAR target area and observe
and document the mesoscale meteorological
conditions and the microphysical changes in clouds
that frequent the region.

6. So far, it has been demonstrated that the
SOAR program has operated a rainfall enhancement
program with a high level of success. It is being
recommended that independent evaluations of cloud
seeding operations continue to be funded. However,
the results and hypothesis put forward by the
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evaluators has failed to document the complex
physical process of rainfall enhancement. Therefore,
it is also recommended that SOAR investigate the
possibility of working with a group of scientists
capable of providing in-situ cloud physics aircraft
measurements to supplement radar estimated rainfall
and rain gauge data. Specifically, the data required is
to:

Confirm that clouds seeded with silver
iodide contain more ice than their unseeded
counterparts.

Confirm that supercooled liquid water
depletes faster in seeded clouds than in unseeded
clouds.

Investigate the degree of liquid water
depletion due to entrainment and whether on top
seeding versus base seeding is a better method of
exploiting the concentration of supercooled water to
initiate precipitation.

Investigate the range of the size droplet
spectra of convective clouds. A narrow spectrum may
indicate the inefficiency of the collision-coalescence
mechanism at the droplet sizes observed (ICA).
Investigate the effect of airborne pollutants below
cloud base; their concentrations, sizes, chemical
composition and how these alter the hygroscopic and
glaciogenic seeding effect.

7. Analysis of the ICA climatology of the
convective environment around the SOAR area
shows signs of weak coalescence in the warm part of
the cloud that leads to a very inefficient rain process.
Supercooled water is retained in the cloud for long
periods of time and rainfall in the cold part exhibits a
delay in its initiation. When a strong forcing
mechanism is present, especially in the spring, this
supercooled water is pushed into the colder levels of
the cloud where it freezes homogenously and usually
is followed by the formation of hail. If these clouds
are seeded and the supercooled water is nucleated
before it moves upward in the cloud, the rain is
enhanced and the hail is reduced. It has also been
shown that recent experiments have renewed interest
in the possibility of increasing rainfall from warm
season convective clouds by cloud base release of
hygroscopic particles. These particles have just the
right characteristics to promote the formation of
drizzle, which grows by coalescence into rain. This
appears to be a fruitful area that requires further
investigation. It is recommended that SOAR support
or is involved in a project or experiment to
investigate the opportunities of hygroscopic seeding
within the SOAR target area.
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To implement these recommendations, a
link between the operational and research community
needs to be established. The ambassadors of the
Texas programs have been working hard to secure
funding for such an endeavor with limited results.
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CLOUD SEEDING EXPERIMENTS
ON WARM CLOUDS IN PAKISTAN

Qamar Z. Chaudhry, Muhammad M. Munir, Anjum Bari
Pakistan Meteorological Department, Sector H-8/2, Islamabad

Abstract. Cloud seeding experiments were conducted on warm clouds in Pakistan during the year 2000. This was
the first full-fledged experimental activity taken up in Pakistan to augment precipitation through the cloud
modification programme. The activity emerged as a consequence of the history’s worst drought in provinces in the
southern half of the country in 1999-2000. Government of Pakistan immediately felt the need of combating this
most crucial catastrophe and thought of taking up the project of artificial rainfall in the country particularly in the
drought vulnerable areas. This paper will attempt to give a summary of the methodology adopted in the cloud
modification experiments and the synoptic conditions under which the experiments were performed. What really
was achieved out of these experiments, what were the limitations and problems and what should be the future

strategies to improve the quality of such a work are the discussions contained in this study.

1. INTRODUCTION

Cloud seeding technology has developed
over the last 45 years as a means for augmenting
precipitation primarily in regions where additional
precipitation is required as economic aspect (Elliot et
al 1995). The adaptation of this technology gets
justified when seen in the context that Pakistan, in
each season, has at least some regions vulnerable to
drought (Sheikh 2001). The technology is not without
uncertainties but it still offers economic benefits
(Reinking et all 1995). Although difficult to measure
exactly, the perceived benefits far outweigh the cost
of implementing programmes (Dennis 1980). Besides
the above, cloud seeding is a highly potable and
flexible technology. It does not require construction
of large, permanent and costly structures such as
dams or water conveyance systems. Comprehensive
laboratory and field studies have indicated no
significant environment impacts (Griffith et al 1999).

Hygroscopic seeding has revealed renewable
interests in the past few years (Matheretal 1996,
Cooper et al 1997). Matheretall (1997) & Bigg
(1997) have studied the effects of seeding convective
clouds in South Africa with hygroscopic flares and
found strong indications of rainfall increases as much
as 30 to 60 % increases from individual cloud
complexes (Orville, et all, 1999).

Research on weather modification is going
on in Australia, South Africa, Mexico, Canada, Israel
and the United States. 38 weather modification
activities were carried out in the United States in
1997. The technology was used in 1995 in the
Northern Province of South Africa. The Government
of South Africa approached the National
Precipitation Research Program (NPRP) to employ

cloud seeding as an emergency response to drought
in the province (WMO Report No 35; 2002).

The history’s worst drought in the country
during 1999-2000 made the Government of Pakistan
to go for the weather modification exercise to make a
sound scientific judgment on the basis of short field
experiments.

2. CLOUD SEEDING REQUIREMENTS
These required:

e In depth knowledge of the physical basis for
cloud seeding.

e Tools for experimentation, their proper
selection and use.

2.1. Physical Basis for Cloud Seeding

If cloud seeding is to trigger precipitation,
certain atmospheric conditions must exist. Clouds
must be present, for seeding cannot create clouds
(Frederick et al 1998, Cloud Seeding page 129).
Clouds are formed when atmospheric moisture
condenses on small particles in the atmosphere called
condensation nuclei. The number of cloud particles
per cubic centimeter ranges from less than 100 to
more that 1000 (Britannica Encyclopedia, vol. 3,
1996, “Cloud Seeding”). The cloud temperature is the
important characteristic in the rain process. A warm
cloud is a cloud above 0°C and super cooled clouds
are those below 0°C. Rain in warm clouds (above
0°C) is formed when large droplets collide and join
together with smaller droplets. Opposite electrical
charges may bind the cloud droplets together
(Federick et al, 1998, page 421). The sizes, types and
concentrations of nuclei play an important role in
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determining the efficiency with which a cloud system
forms and ultimately produces rain or snow.

Man can assist nature by furnishing
appropriate types and number of nuclei through
seeding the clouds at the proper time and place
(Atmospheric Incorporated, USA;

www.atmos_inc.com/wedmod.html).

Seeding with very large condensation nuclei
(hygroscopic particles such as salt crystals) can be
done to accelerate the warm rain process (ibid). The
consideration of cloud seedling to produce large
and/or more vigorous clouds is, by its nature
primarily limited to convective (cumulus) type
clouds, although cloud modeling results in the 1980s
have indicated the possibility of stimulating the
formation of embedded connective clouds in
stratiform clouds (Grant et al).

The cloud seeding experiments in Pakistan
were conducted during the period July to Sep, 2000
when there were monsoonal rains in the country. The
experiments, however, were conducted in the regions
which mostly lay outside the monsoonal belt. The
season was ideal in the sense that convective warm
cloud formation was common in the season. Mostly
Sc and Cu but Ac and As isolated cloud patches also
were picked up for seedling. On the day of seedling,
it was specifically kept in view that the target area
was outside the influence of any natural rainfall
generating weather system

2.2. Tools for Weather Modification

2.2.1. Radar Requirements

Radar data should be collected and analyzed
in the cloud seedling experiments (Clouds Seedling
Experiments in South Africa, WMO Report No35,
2000). Different weather radars are available in a
variety of wavelength (K, X, C, S) each of which
serves a slightly different function in cloud seeding
projects (Don A. Griffith et al). By far the most
commonly used radars are C-band (5 cm) radars.
They provide sufficient sensitivity to both rain and
snow. S-Band (10 cm) Doppler radars are superior
but lack sensitivity in measuring snow (Griffith et al).
A network of five 3 cm, six 5 cm and one 10 cm
Doppler radar covering almost 80% of the country
made it possible to study seeding responses in a way
k not previously possible.

222 Satellite Remote Sensing — an Integral tool
for Cloud Seeding Experiments
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Satellite remote sensing can provide
temporally and spatially uniform observational data
useful in evaluating the opportunities and effects of
hygroscopic seeding (WMO Report No. 35,
WMO/TD No. 1006, 2000). The geostationary
satellites (even polar orbiting satellites) allow routine
observations over a wide area that can be targeted by
aircraft for seeding and measurement activity (WMO
Report 35, 2000). APT & HRPT system facilities are
available at Karachi, Quetta, Lahore and Islamabad,
and the satellite imageries / observations effectively
supported the management of operational
programmes of cloud seeding in Pakistan.

223 Aircrafts

The type of cloud seeding agent and the
delivery system dictates the type of aircraft used
(Don A. Griffthetal, 1995). However the commonly
available aircrafts can be modified to carry an
assortment of cloud seeding devices (ibid). Beaver
and Fletcher aircraft of Plant Protection Department
with liquid dispensers and Mashhaq aircraft of Army
Aviation, mounted with solid dispenser joined the
mission. Mashhaq aircraft was modified to the extent
that a solid dispensing machine, indigenously
manufactured in accordance with the requirements of
Pakistan Meteorological Department (PMD) was
fitted to the aircraft. The aircrafts were very old and
had the limitations to go beyond a certain height.
Some cases where conditions were conducive for
cloud seeding could not consequently be tampered.

3. EXPERIMENTS CONDUCTED

Forty eight experiments in all were
conducted, 14 in Sindh, 18 in Balochistan, 3 in
NWFP and 13 in Punjab out of which 10 were
undertaken in Southern Punjab. More than eighty
percent experiments were conducted south of 30°N
where intensity of aridity was much higher as
compared to the aridity in northern half of the
country. Experiments were made during the period
20™ June to 15™ September, 2000 which practically is
the monsoon period in Pakistan where convective
type of clouds makes their sufficient availability.

4. EVALUATION OF THE SEEDING
RESULTS

Convective cloud systems have a strong
special variability and the rain gauge measurements
are not very accurate (WMO Report No. 35,
WMO/TD No. 1006, 2000). In addition, it is almost
never possible to gather the correct rainfall
information from individual storms with surface data.
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The best tool is radar. Though temporary rain gauges
were installed in some of the experiments but the
evaluation of the success or otherwise of the
experiment were made using the radar pictures
collected at nearby radar stations or through the
general public. Mostly experiments were made in
areas covered by weather radar or by a Met. Station,
where the recorded rainfall data helped evaluating the
experiments

5. OVERVIEW OF SOME SUCCESSFUL
EXPERIMENTS
5.1. Experiments Conducted In Sindh

Thar desert is located in the Sindh Province.
Eight experiments in this drought affected area were
conducted from 1% July to 15™ July, 2000; out of
which six were successful. The experiments yielded
that much rainfall, which at least eased out the
drought conditions in the area. Chhor (25°31° N;
69°47’E; Height 19 feet) was the field station
established for the purposes of carrying out cloud
seeding activity in the desert area. Chhor is more a
monsoon dominated station as compared to winter
rains. The month of July on the average receives 79.0
mm of rainfall and the average number of rainy days
is 3.8 days (Climatic Normals of Pakistan, 1961-90,
PMD; 1993).

The experiments conducted on 1% July,
2000; 3" July, 2000; 13™ and 14™ July, 2000 make
part of this paper:

5.1.1 1% July, 2000

The synoptic weather situation on 1% July
was that a weak low lay over the Indian states of
Orissa and eastern Madhya Pradesh and a westerly
wave had been affecting northern parts of Kashmir.
The station going to be experimented upon was not
under the influence of any of the above systems and
no chances of any natural rainfall existed at the
station.

Six octa low clouds of the type cumulus (4)
& Stratocumulus (2) were available at 3000 feet over
the experimental site which was located in the
southern quadrant of Chhor (as shown in Fig.1). Real
time humidity at the time of operation was 34%.
Westerly wind of 4 knots had been penetrating the
target area. The operation for cloud seeding using the
aqueous solution of 30 kg of NaCl and 200 litters of
water was completed during the period from 1743 to
1830 hours PST (Pakistan Standard Time). The
seeding generated sufficient rainfall, light at seven
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stations and 30 mm each at two stations.

RAIN ENHANCEMENT EXPERIMENT IN THAR DESERT
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5.1.2 3™ July, 2000

The synoptic situation on the day was that
the monsoon low of 2™ July, 2000 over southwestern
Uttar Pradesh had almost dissipated. The westerly
wave, however, had still been affecting Kashmir and
adjoining areas. Chhor had very little chances of
getting any natural rainfall during that day. Over all
six octa clouds, 5 Sc and 1 Cu were available at 3 to
5 thousand feet height. Relative humidity was 46% at
the time of operation.

Beaver aircraft equipped with liquid
dispenser used 60 kg of NaCl with 400 liters of water
for seeding and completed its two operations during
the period 1631 to 1730 and 1740 to 1840 PST. The
area experimented upon encircled Chhor, Chachro &
Mithi. Rain was reported from the following places:

Place Rainfall /
Type of Rainfall
Diplo 9 mm
Mithi 4 mm
Chachro Light
Gudro Light
Umar Kot Light
Badin Light
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RAIN ENHANCEMENT EXPERIMENT IN THAR DESERT
2nd July, 2000
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The rain fell during 2330 to 2400 PST about
4 hours after the seeding. The nocturnal cooling
along with abundantly available nucleating agents
from seeding seems to have played a major role in
causing this precipitation (Fig. 2).

5.1.3 13" July, 2000

The synoptic situation on the day was that a
monsoon low which after having developed in Bay of
Bengal, lay over northeastern Madhya Pradesh in
India and was likely to move in the west
northwesterly direction. It had been inducing
monsoon currents in Kashmir, Punjab and Sindh.
However there were no bright chances of rainfall at
the station during the day time.

5 octa clouds, 3 Sc and 2 As clouds were
available during the time 1100 to 1215 PST when the
first operation was made and 3 Sc and 2 Ac were
there during the second operation within 1630 to
1725 PST.

Beaver aircraft carrying 60 kg of NaCl and
400 liters of water was used for the seeding purposes.
Area picked up was located southeast of Chhor
within a triangle enclosed by Chachiro, Bavri and
Jhakia as its vertices (Fig. 3).
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Rainfall started three hours after the last

seeding and continued till midnight. The nocturnal
desert cooling and abundantly available nucleating
agents from cloud seeding seemingly played their
role. Rainfall ranging from 4 to 45 mm fell over six
different stations. The dominant component of the
rainfall seems to have occurred due to the incursion
from the monsoon low over India yet the component
from the seeding also seemed to have contributed as
the rainfall over the seeded areca was noticeably
higher than the surrounding.
The most fascinating aspect associated to this
experiment was that the reaction of the people living
in the experimental areas was interesting and
wonderful. Both Muslim and Hindu communities live
in these areas. Muslims offered prayers whereas the
Hindus put in their temples the idols of the
Meteorological officer and worshiped him for being
their “rain god”.

5.14 14" July, 2000

The synoptic situation was that the
monsoonal low over northeastern Madhya Pradesh in
India on 13™ July, 2000, after having moved in a west
northwesterly direction, lay on the day over central
Rajisthan. It had slightly weakened but still it had
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been a source of moisture incursion in the Sindh
Province. However there were no immediate chances
of rainfall during the time of experiment. 4 octa Sc,
As clouds were available. Relative humidity was
55%.

Beaver aircraft carrying 60 kg of NaCl with
400 liters of water was used for seeding. Rain
recorded was as under:

Place Rainfall
Diplo 62 mm
Nagarparkar 22 mm
Mithi 20 mm
Badin 23 mm

RAIN ENHANCEMENT EXPERIMENT IN THAR DESERT
14th Tuly, 2000

[ ] Seeded area
Clouds
mWind Flow Mm“ﬂ'(h“__
#
"&in
Time of Operation ~ :1035-1130 PST
Area : Area between Khipro & Mirpur
Seeding Material TWater 400 L + NaCl 30 Kg
Type of Cloud. :Comulug

. {
Mirpurkhas {

8in

B LightRain Fig. 4
I Moderate Rain
||

Heavy Rain

The dominant contribution seemed to be due
to the monsoon low over India, yet the pattern of
rainfall over the seeded area supported the
contribution of seeding activity too (Fig. 4).

52 Experiments at Zhob (31°21°N; 69°28’H;
Height 4609 feet), Balochistan

Six experiments were conducted during the
period 18" Aug, 2002 to 7™ Sep, 2002 out of which
four met the success. The station is dominated more
by summer rains as compared to the winter rains
(Climatic Normal of Pakistan, 1961-90; PMD, 1993).
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The mean normal rainfall and number of rainy days
at the station during August are respectively 58.9 mm
and 3.2 days (ibid).

Experiments conducted on 25" 26" Aug,
and 7™ Sep, 2000 are made part of this study:

52.1 25" August, 2000 (Zhob)

The synoptic situation on the day was that a
deep monsoon low lay over northwest Andhara
Paradesh and adjoining Maharashtra state in India but
the experimental station was not under the influence
of this deep monsoon low. No westerly wave had
been affecting Pakistan. The status around Zhob was
either clear or partly cloudy. Over Zhob, in all, six
octa clouds 5Sc and 1Ac at heights 5000 & 10000
feet were available. Relative humidity was 30%.
Mashhaq aircraft carrying 22 kg of seeding material
(Salt + Aecrosil) was used. The operation was
completed during the period 1712 to 1816 PST. Both
low and medium clouds were seeded from a height of
11000 feet. The whole of the seeding material was
consumed over an area of 20 square kilometers. The
experiment yielded encouraging results and moderate
to heavy rainfall fell over seven stations in the west,
northwest & southwest directions (Fig. 5).

RAIN ENHANCEMENT EXPERIMENT IN BALOCHISTAN
25th August. 2000
I Seeded arca
Clouds
Wind Flow ’ 3
* Barthinf
Sibi /-d
L )
Kalat
: /
et
Tme of Operation: 1712-1816 PST
ren O SSW 17k of Zhob ‘
Seeding Material : 400 L Water + NaCl 22Kg
Clouds : Cumulus

Kalat
@

| B vgntn | Fig.S
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522  26™ August, 2000 (Zhob)

The synoptic situation on 26" August was
that the monsoon low over India today existed over
Gujarat and adjoining areas but it practically had no
significant effect on the area of the experiment. 7
octa clouds, 5 SC & 2 AC were respectively available
at heights 5000 & 12000 feet. Relative humidity was
25% and the conditions were conductive for the
operation.

I Sceded area
Clouds

Wind Flow j’

. !lrkh‘n ]
Sibi /-J
b ]
Kalat
L]
© of Opecration; o

Area - South & overhead Zhob city
Seeding Material : Water 200 L + NaCl 15Kg
Clouds : Cumulus

“"

Kalat
®

= ~——  Fig. 6
I i =3 Light Rain ._J

Mashhaq aircraft carrying 15 kg of seeding
material (NaCl + Aerosil) completed its operation
during 1642 to 1732 PST. Seeding was done from a
height of 11000 feet. This covered both the low &
medium clouds over 4 square kilometer area south
and over the station. After seeding, the clouds
showed a rapid movement to the NNE direction.

Light to moderate rainfall fell in the North &
Northeastern sides over the stations as given below

(Fig. 6):-

Place Location
Moti Zai 16km N
Khajkzai 18km N
Narazai 21km N
Sohai 05km NE
Hassan Zai 06 km NE

Manda Zai 06 km NE
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523 7" September, 2000 (Zhob)

According to the prevailing synoptic
situation, a monsoon low was located stationary over
Uttar Pradesh in India and a westerly wave persisted
over Kashmir. A heat low also existed laying over
northeastern  Balochistan. The meteorological
conditions, in aggregate, were favourable for
convective cloud development, but there were still
bleak chances of any natural rain to occur in a
significant amount.

Two seeding operations were carried out
during 1520 to 1614 and 1648 to 1741 PST, with
Mashhaq aircraft mounted with solid dispenser. The
seeding material contained 22 kg of NaCl mixed with
an equivalent volume of aerosil. The clouds were
seeded in an area of about 30 km radius in the west
and northwest direction of Zhob. At the time of
operation, half of the sky was covered with cumulus,
stratocumulus and altocumulus clouds. The relative
humidity was recorded as 44% while wind was
blowing from east with an average speed of 10 knots.

About half an hour after seeding, rain started
at Zhob and Meteorological observatory recorded
1.0mm rainfall. Moderate to heavy rainfall was
reported from west and northwest up to 50 km of
Zhob. It is note worthy here that the rain received as
a result of cloud seeding was the first after a long dry
spell of six months (Fig. 7).

Kalat
L]

Kalat
L3
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52 Experiments on 25" And 27" August, 2000
at Quetta, Balochistan

Quetta (30°15’N, 66°33°E; Height 5253
feet) is the capital city of Balochistan. The city is
dominated by winter rains (Dec to Mar) and lies
mostly outside the influence of monsoon rains (June
to September). The rainfall pattern (Climatic Normal
of Pakistan, 1961-1990, PMD, 1993) reflects the
position as given in Table:1.

Table: 1

Jan Feb | Mar | Apr | May Jun
56.7 490 | 550 | 283 | 60 L1

July Aug | Sep | Oct | Nov Dec
127 121 |03 |39 |53 305

The normal numbers of rainy days during
the month are 0.9 days (Climatic Normal, PMD,
1993). This brief preamble would help assess the
experiments conducted in the Quetta Valley.

52.1 25" August, 2000

The synoptic situation on the day of the
experiment was that Quetta was not under the
influence of any significant weather system. One to
two Octa Cu clouds were available over the city.

B Seeded area . : Zhen |
Clouds & !

AL *@g

Time of Operation; 1635-1740PST
Area

- Orver Quetta Hn:zpnlm
Seeding Material - 400 L Water + NaCl 40Kg
Clouds - Cumulus & Al !

i
. ——
Sihi. j/-i
Kalat 3
i {
— i Fig. 8
B Heavy Rain

Beaver aircraft carrying 40 kg of NaCl with
400 liters of water was used for seeding. The
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operation was completed within 1635 to 1740 PST.
Light to moderate rainfall was reported to have fallen
during the period 1815 to 1845 PST. It was
something very interesting and amazing to note that
this successful experiment terminated the long dry
spell gripping the city for the last six months. Press
media and masses expressed their feelings of
happiness and lauded the efforts of Government and
the cloud seeding team. The experiment is shown in
Fig. 8.

522 27" August, 2000

The synoptic situation on 27" Aug, 2000
was that a monsoon low which had developed in the
Bay of Bengal on 21* Aug, 2000 today lay over
Northeastern Arabian Sea and adjoining coastal areas
of Gujarat (India). Quetta was far out of the influence
of this system. One to two octa Cu clouds were
available over Mastung, a city some 40 km south of
Quetta. Beaver aircraft carrying 30 kg of NaCl with
300 liters of water was used for seeding. The
operation was completed during the period 1745 to
1838 which yielded light rainfall (Fig. 9).

RAIN ENHANCEMENT EXPERIMENT IN BALOCHISTAN

27th August, 2000

Seeded area Zheb |
Clouds e

» Wind Flow J

| Time of Operation: 1745-1838 PST
Area Mastung {South 40 km from Quetta
Seeding Material 400 L Wter + NaCl 40Kg
Clouds + Curmuilus

'"A

Kalat
[ ]

~— Fig.9
| B LightRain

6. CONCLUSION

Seeding the warm clouds was the first
experimental exercise in Pakistan which apparently
brought a reasonably high success. This, however,
lacked many technical aspects to be followed. Even
the technical evaluation of the experiments had no
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scientific and statistical assessment, yet the results
reflected a promising potential in the technology to
be applied in the country.
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ICE NUCLEATING BEHAVIOUR OF AQUEOUS AND ALCOHOLIC SOLUTION OF
PHLOROGLUCINOL: A LABORATORY STUDY
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Abstract: The behaviour of ice nucleation at different temperatures has been studied in case of seeding with
aqueous solution and alcoholic solution of Phloroglucinol. For aqueous solution, the nucleation has been studied
starting from —17.9°C and it was observed to terminate at -0.5°C. In case of alcoholic solution, the study has been
started from —22.3°C and it was found to continue up to —3.5° C. The higher temperature is a cut-off temperature,
but at the lower temperature end the nucleation becomes quite small, though not amounting to zero. However the
peak in crystallization occurs at —13.0° C in the case of aqueous solution and the corresponding peak occurs at —
17.8° C in the case of alcoholic solution. Apparently both these temperatures are close to the freezing temperature
of the mixture.

Besides, dendrite structure is observed in both the cases in the temperature range of —20°C to —17°C. However,
hexagonal crystals have only been observed in case of aqueous solution in the temperature range of -15 °C to —10 °
C. Cubic crystals exist dominantly in case of alcoholic solution, but rod shape crystals dominate in case of aqueous

solution.
1. INTRODUCTION

The study of ice nucleation by organic
substances started from late fifties of the last century.
Some of these which are reported in the literature
may be mentioned here (Baskirova & Krasikov 1957,
Komabayshi & Ikebe 1961, Head 1961,1962, Langer
& Rosinki 1963, Fukuta 1963,1965,1966, Braham
1963, Parungo & Lodge 1965,1967, Fletcher 1972,
Michelmore & Franks 1982, Gravish et. at. 1990,
1992, Hendrick & Ward 1992, Pattnaik et. al. 1997,
Szyrmer & Zawadzki 1997).

In fact, Bashkirova and Krasikov (1957)
were the first persons to identify Phloroglucinol as an
efficient ice nucleant. During 1961-62, Langer &
Rosinski were engaged in an Air Force sponsored
study of basic characteristics of organic crystals as
ice nucleant. Of more than 30 compounds studied by
them in the laboratory (Langer & Rosinski, 1963),
Phloroglucinol turned out to be most promising as ice
nucleant. They conducted test in Armour Research
Laboratory and found that Phloroglucinol dust can
cause rapid nucleation in cold box cloud at the
temperatures of —2° C to —3° C.

In 1963 Braham also identified
Phloroglucinol as an ice nucleating substance. This
group performed mainly field experiments. They
released Phloroglucinol at different temperatures in
the environment. They recorded a moderate snow
shower (at —17.2°C) at the ground and reported that
the heaviest shower had occurred at —9.8°C. Besides,

they observed that dispersed Phloroglucinol had the
ability to induce freezing of small droplets close to 0°
C but on the negative side.

Some further experiments were carried out
by Langer et. al. (1978) with the same substance.
They used Phloroglucinol dust and observed that
when the diameter size was in the range 0.04x10°m
to 0.06x10°m, the dust particles acted as good cloud
condensation nuclei. On the other hand, when the
diameter size was reduced in the range of 0.02 x10°°
m to 0.03 x10° m, these served as ice nucleating
agent.

In a more recent field experiment in
Phillipines (Valeroso & Santos, 1999), alcoholic
solution of Phloroglucinol was sprayed in a
developing cumulus cloud in a region where
temperature was close to 0°C. Heavy rainfall was
observed to occur almost 18 minutes after the
seeding.

In fact, Phloroglucinol can be seeded in
three forms i.e. as dust, as aqueous solution and as
alcoholic solution. In case of dust, the nucleation
depends on the size of dust particles, on the amount
of dust seeded and lastly on temperature. Since the
size of the dust particles can be varied over a wide
range, it needs an exhaustive study. Here, only the
alcoholic solution and the aqueous solution of
Phloroglucinol have been used as seeding agent and
the behaviour as ice nucleant over a wide range of
temperature has been studied systematically. The
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entire experiment has been operated in a Cold Room.
Firstly, the seeding temperature was systematically
varied and the crystal count was made, keeping
concentration of seeding material fixed. The same
experiment was done for both the solutions. It can be
concluded that some new results have come out from
the present study.

2. EXPERIMENTAL APPARATUS &
MEASUREMENT TECHNIQUE

The experimental work has been done inside
a single door metallic room (Cold Room) with
refrigerant lining and the dimensions of the room are
as follows.

The length, breadth, and height are 1.52 m,
1.52 m, and 1.83 m respectively (Diagram 1). The
room is made of galvanized iron sheet and is
insulated by PUF. The temperature of the room can
be reduced up to -35°C. One thermistor is placed
inside the Cold Room and this measures the
temperature inside the room. A digital display shows
the temperature. An air conditioner is operated
outside the Cold Room to decrease the temperature
difference between inside and outside of the Cold
Room. Another thermistor measures the outside
temperature and the temperature is displayed
digitally. Inside the Cold Room a spherical glass
vessel of 35.6 cm diameter and 20 liter volume is
placed and it has several outlets on its body for
different purposes. A cloud of supercooled droplets is
produced by cooling the chamber and then passing
steam through a hole near the floor of the chamber.
To produce steam a closed container with water has
been used, which is placed on a heater and steam is
passed inside the vessel through a pipeline. The
amount of water vapor content inside the vessel is
controlled by adjusting the steam flow. There exists
one seeding port on the body of the vessel through
which the seeding material is injected. Two
thermistors are used to measure the temperature
inside the vessel where the seeding experiment is
done. Of the two thermistors, one is kept just above
the seeding port and the other is placed near the floor
of the vessel. The seeding temperature being
mentioned in the literature is actually the temperature
observed from the sensor just above the seeding port
as the nucleation mostly occurs around that region.
The other sensor is used mainly to check if there is
any temperature gradient inside the chamber. Both
these sensors provide digital display. It should be
mentioned that all the thermistors are calibrated at ice
and steam points and the calibration error lies within
0.1° C. Also the temperature difference between the
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two sensors within the vessel never goes beyond 0.1 °
C.

One circulator is fixed at the roof of the
Cold Room to keep the temperature uniform inside
the Cold Room as well as to circulate the water
vapour. A light is also kept for working purposes
inside the Cold Room.

=

G.C
S.P

V.Pp

(C= Cold Room, S.P.= Seeding Port, V.P.= Vapor
Port, G.C.= Glass Chamber, S= Stand, F= Fan)
Diagram-1: Schematic Diagram of Cold Room

To collect the ice crystals, formvar coated
slides are used. Formvar is a brand name of Polyvinyl
Formal Resin. The slide acts here as a replicator. By
taking 0.4 gm of formvar in 10 C.C. of chloroform a
solution is made which is coated on the slides. Two
formvar coated slides are placed on a tray near the
floor of the spherical vessel to collect the crystal
signature. When the slides are taken out, chloroform
quickly evaporates leaving behind a plastic film of
formvar. On the other hand, ice part of the crystal is
also converted into water. Then the slides are kept
inside a desiccator with sufficient silica gel so that
water will evaporate and be quickly absorbed by
silica gel. By this process a replica of the arrested
crystals is retained and also the nucleating agent at
the core in case of heterogeneous nucleation is left
behind. The use of formvar for the purpose of
replication is already documented (Saunders &
Wahab 1973, Hallet 1976 a,b).

Though two types of seeding solution have
been used, one is aqueous Phloroglucinol solution
and the other is alcoholic Phloroglucinol solution, but
in both the cases the concentration is kept at 0.25 gm
of Phloroglucinol in 25 c.c. of either solvent. Only
0.5 c.c. of the solution is injected in one stroke with
the help of an atomizer and the atomizer can produce
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droplets of size 0.4um to 1.0um with the maximum
number at 0.7um and the standard deviation being
0.21pm.

The replicators are removed from the vessel
after 2 minutes of stoppage of the seeding operation.
The slides are then kept inside a desiccator to dry.
After the drying up of the slides, these are viewed
with the help of a microscope. The microscope has
400 times magnification and the number of crystals
in a field of view of the microscope is counted. The
basic habit of crystals with change of temperature is
also investigated. Photomicrography of those crystals
has been done with the help of a camera attached to
the microscope.

3. EXPERIMENTAL RESULTS
In the present work, the comparative ice

nucleating property of aqueous solution and alcoholic
solution of Phloroglucinol has been studied.
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Fig-1: Crystal Count against Seeding
Temperature in case of Aqueous
Solution of Phloroglucinol

Phloroglucinol is moderately soluble in
water, but its solubility largely increases in alcohol.
In fact the dipole interaction between water and
Phloroglucinol is much greater than that with Ethyl
Alcohol, but it is evident that non-ionic weak
interaction prevails in case of alcoholic solution.

One of the major aims of the present work is
to examine how the crystal count changes with
change of temperature at a definite Total Water
Content (TWC). However, TWC could not be kept
totally fixed but attempts were made to contain it
within a range of 130 gm to 150 gm. In the present
experiment two slides were kept at a time in the
chamber. In each slide, ten fields of view were
considered for counting. Then, at each temperature,
four separate observations were taken. So, the
average of 80 observations of crystal count is being
presented here. In Fig.1, the variation of crystal count
with seeding temperature in case of seeding of
aqueous solution of Phloroglucinol is presented.

PAUL ET AL. 43

Here, the most dominant peak in crystal count occurs
at —13°C. So, this temperature is most suitable for ice
nucleation by aqueous solution of Phloroglucinol. It
is also observed that the upper cut-off of ice
nucleation occurs at —0.5°C. In the lower temperature
range, the observation has been continued up to —
17.9°C where nucleation becomes small, though it
does not vanish. It should be noted that —12.0°C is the
eutectic temperature for Phloroglucinol and water
mixture (this is observed experimentally). As
reported in many other cases (Knollenberg, 1966;
Hazra et. al., 2003) there is a common tendency for
freezing at eutectic temperature as Gibb’s free energy
becomes minimum at that temperature (Azaroff,
1995). So the peak in number count observed at —
13.0° C may be taken due to that usual tendency.
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Fig-2: Crystal Count against
Seeding Temperature in case
of Alcoholic Solution of
Pholoroglucinol.

In case of study of ice nucleation by
alcoholic solution of Phloroglucinol, the amount of
seeded material as well as its concentration are kept
the same as previous case, as mentioned previously.
The variation of number count of crystals with
change of temperature is presented in figure-2. A
sharp peak in number count is observed at —17.8°C.
There is a higher temperature cut-off at —3.5 °C. The
observation at lower temperature was continued up to
—22.3 °C and the nucleation did not totally cease
there.

It should be noted that in case of alcoholic
solution of Phlorogucinol in contact with supercooled
droplets, three different interfaces are involved. One
needs to consider the condensation of the three media
together. However, in what ratio the three media will
condense in the present environment that cannot be
clearly judged. As the amount of alcoholic solution of
Phloroglucinol is small in aqueous environment, a
study has been conducted in the laboratory to find the
freezing temperature of the mixture by varying the
ratio of alcoholic solution of Phloroglucinol and
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liquid water (Fig.-3). It is observed that when 30 cc
of alcoholic solution of Phloroglucinol is in
combination with 100 cc of liquid water, the entire
amount freezes exactly at temperature at —17.8°C. So
one can again conclude that the peak in crystal count
occurs where the three body mixture can freeze
together.

20 40 60

10

-15 \

-20 \

25 \

centigade

Frezing Temp in degree

Amount of alcoholic solution in CC

Fig-3: Freezing Temperature against
Amount (CC) of Alcoholic Solution
used with 100 CC of Water .

From Fig.- 1 and Fig.-2, it is clear that at the
peak of nucleation, the alcoholic solution of
Phloroglucinol is more efficient as ice nucleant than
the aquatic solution of Phloroglucinol.

Some remarkable morphological features in
ice crystal formation have been detected in both the
cases. One of the distinctions between the two is the
existence of hexagonal crystals in case of aqueous
solution, in the temperature range of —15 °C to —10
%C; it should be mentioned that no hexagonal crystal
has been observed in case of alcoholic solution. It
should also be stressed that nice dendrites (ref. Photo
001,002) are observed in both the cases in the
temperature range of —20°C to —17°C. Besides,
dominantly cubic crystals are observed in case of
alcoholic solution (ref. Photo 003,004) and in case of
aqueous solution the rod shape crystals are more
dominant(ref. Photo 005,006,007). Rod shape
crystals observed in case of alcoholic solution are
also being presented (ref. Photo 008).

4. CONCLUSION

Phloroglucinol may be considered as a
seeding agent in three different forms at least.
Already scientists have used Phloroglucinol as dust,
as aqueous solution and then as alcoholic solution. It
has already been reported in the literature that the
nature of nucleation greatly depends on the size of
the dust. As the detailed study of the character of the
dust particles as condensation nuclei will involve
exhaustive work, that attempt has not been made in
the present study.
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But the well known two solutions of
Phloroglucinol as ice-nucleating agent have been
utilized. In the present case, only a particular
concentration of either solution has been seeded. One
can also vary the concentration and examine whether
the nucleation character has any variation.

One can conclude from the present study
that the alcoholic solution of Phloroglucinol is more
efficient for ice nucleation at the peak condition.
Besides, the peak in ice nucleation in either case
apparently occurs where the media have tendency to
freeze together.
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001:Dendrite structure formed for
aqueous Phloroglucinol at —17.9°

003:Dense Crystal found for
alcoholic Phloroglucinol
at-17.7°C.

005:Rod Shape Structure Found in
Aqueous Phloroglucinol —10.1°C

007:Rod Shape and hexagonal crystal
found in aqueous Phloroglucinol
at—13.5°C.

002: Dendrite Structure formed in
alcoholic Phloroglucinol
at-20.4"C.

004:Cubic crystal found in
alcoholic Phloroglucinol -8.6°C

d

006: Rod shape structure formed for
aqueous Phloroglucinol —8.3°C.

A \

008: Nice rod shape found for
alcoholic Phloroglucinol
at-14.1° C.
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ON THE CONTRASTIVE NATURE OF WEATHER MODIFICATION KNOWLEDGE:
COMMONSENSE REASONING AND COMMONSENSE KNOWLEDGE

Arquimedes Ruiz-Columbié
Active Influence & Scientific Management
San Angelo, TX 76904
twma@texasweathermodification.com

Abstract. Weather Modification specialists constantly face a difficult problem in their operation and research tasks.
The explanation of events on the basis of data is neither completely deductive nor completely inductive. The reason
is clear since it is very difficult to isolate the weather objects from their environment and their complex interactions;
therefore any attempt of methodological isolation tends to destroy vital elements of their dynamics. Here I present a
discussion about the role abductive inference plays in applied weather modification knowledge due to its contrastive
nature, and how these general considerations are applied in Texas.

1. INTRODUCTION

Weather Modification activities should be
conducted with some interests in research since they
confront tasks that are almost always pallidly
represented in the laboratory. Experiments at lab
scale can lead to important discoveries about
chamber clouds; however, these clouds are missing
important features related to the meteorological and
geographical dimensions of real weather. Early in
time meteorologists, hydrologists, and climatologists
made these same complaints against lab results that
were then extremely celebrated by physicists and
chemists.

The problem is really complex. Physicists
look for general statements about the nature of
observed phenomena and are very capable when they
describe closed systems and reversible processes.
However, weather objects and processes are neither
closed nor reversible. For instance, storms need a
strong interaction with the environment to import
mass and energy, and to export entropy. Only in this
way, storms can live in stages far from equilibrium.
On the other hand, chemists approach their subjects
with more concern for special features, are able to
describe very well the particular processes called
“chemical reactions”, and have pinpointed the
catalytic nature of weather modification actions.
They have given a plethora of important results for
Weather Modification (WM), though the most
important features of weather are very difficult if not
impossible to create in a laboratory. Once again,
complexity asks for field realizations. Physics and
chemistry form the basis around which we build
powerful instruments to take measurements,
constitute a precise language to describe objects and
phenomena, and provide a beautiful set of
mathematical equations that help this language to

make models and predictions. Nevertheless, we
don’t know with enough detail the initial conditions
for these equations, and the weather is easily
influenced by variations in its early stage because it is
chaotic and unstable.

Richard P. Feynman (1918-1988), Nobel
Prize in Physics in 1965, once wrote:

“Physicists always have a habit of taking the
simplest example of any phenomenon and
calling it ‘physics’, leaving the more
complicated example to become the concern
of other fields--say of applied mathematics,
electrical  engineering, chemistry  or
crystallography...”

(Feynman et al, 1964; see also National
Science Foundation, 1965)

Theses quotes probably point out why
physics has become a paradigmatic science for
epistemologists, but also indicate the clue for a
methodology for the sciences that deal with open
objects and irreversible processes: Engineering.

Weather Modification is applied science,
but its applications are engineering. As an applied
science WM enhances its connections with
fundamental research in Meteorology, Cloud Physics,
and Cloud Chemistry, whereas as engineering WM
puts scientific knowledge into practice, applies its
knowledge with judgment and attempts to develop
ways to economically utilize that scientific
knowledge.

2. GALILEAN EPISTEMOLOGY

Galileo Galilei (1564-1642) founded a new
epistemology with the statement that passive
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observation of ordinary events is not enough because
these events are usually too complicated to reveal the
underlying  physical laws; therefore, active
experiments are needed (Bolles, 1997). According
to Galileo, the experiments should create events easy
to understand where all the common complications
are removed. In this direction he was able to ignore
the friction and bouncy effect of air and any other
additional accidents, and found the laws for inertia
and free fall in vacuum. We know that frictionless
surfaces and a perfect vacuum do not exist, but
scientists consider such laws more real than
common experience due to the fact that these laws
can show the dominant causes in place.

In addition, Galileo was also a creative
engineer, capable of designing and building
pendulum clocks, thermoscopes, lenses and
telescopes. He was not a purist. He did something
even more creative, he brought back mathematics.
As the reader will find later, only through
mathematics WM experts can avoid excessive
empiricism.

3. DATA MINING AND ENGINEERING

Can we follow similar steps when studying
the weather? Yes and no. To some extent we already
followed them in randomized cloud seeding

JOURNAL OF WEATHER MODIFICATION
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experiments, but the complex nature of the subject
did not allow wus to simplify wuntil all the
complications were gone. If we bypassed these
undesirable complications, we oversimplified the
subjects and the results would be unusable.
Therefore, WM experts should examine the complex
phenomena of weather as precisely as possible in
situations as natural and simple as possible to find
meaningful “basic units” of behavior; thus avoiding
oversimplifications that might lead to dissect
meaningless units. The basic units could be used
later in the analysis of more complex situations (Ruiz
and Bates, 2003a). Experts in WM search for
frequent and regular occurrences of phenomena
within a geographical area without ignoring the rare
events, but creating a special classification for them.
Phenomena then are described by the attributes
almost always present in each class. Classes
distinguish each other by contrast. Doing this, WM
experts accept the premise that phenomenological
data are adequate to study weather modification
actions, emphasizes contingency, and does not cease
the search for universal statements and stable modes
into the classes. This approach could be named “data
mining” and is commonly utilized in engineering.
Engineers like to say “there is gold in the mountains
of data” (Pyle, 1999).

PMass (control-2002)

Cases

|
|
l
| m Frequency
|
|
|

r=-0.96,

N =6.31x 102/ PMass”*3.13

Figure 1: Control Cases distributed by precipitation mass
r is the correlation coefficient
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Convective processes deserve close attention
since they usually behave as individuals and present a
very high variability in their behavior. Here the
aforementioned contrast among classes may be
illustrated mathematically as a phenomenon of self-
organizing criticality (Hergarten, 2002). Figure 1
shows the control cases (n = 841 unseeded control
storms) in Texas during the 2002 season distributed
according to their radar precipitation mass (PMass in
kton, N is the number of cases in a particular
interval). The distribution followed a potential law
obtained by the method of least squares.

Seeded cases followed a similar distribution
but with different parameters (regression coefficients)
and a slightly smaller correlation coefficient
(Figure 2).
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What does self-organizing criticality mean
in these cases? First, these graphics show the global
structure of two ensembles that appear to organize
into systems that do not have explicit concern with
the outside environment. The constraints in
organization in both systems seem to be internal.
Second, both histograms are very similar but there
are smaller cases in Graphic 1 than in Graphic 2 and
greater cases in the later with an apparent increase in
intermediate cases at expense of the smaller ones. For
the control cases, doubling the precipitation mass
implies a reduction in a factor near nine in the
amount of cases, whereas for the seeded cases, the
reduction factor is near five (use the equations to
figure these factors).  Self-organizing criticality
might be a new way to detect significant seeding
signals. It is certainly a way to develop a systemic
study of weather modification actions.

PMass (seeded-2002)
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r=-0.94,

N = 8.32x 1079 / PMass*2.29

Figure 2: Seeded cases distributed by precipitation mass,
r is the correlation coefficient

4. THREE-COMPONENT KNOWLEDGE

Engineering is not excessive empiricism
since mathematical considerations allow engineers to
always have a theory about experience. Then the
theory leads to new scientific experiments, which
may or may not corroborate the premises. The
scientific experiment is guided by the theory, which
asks questions and interprets results. Furthermore,
engineering does not underestimate daily experience
but uses it to make its creative realizations. As the

readers can feel, engineering is a dialectic game,
which searches for a balanced correlation between
the empirical basis and the theoretical constructions.
In this game the explorer must use his/her scientific
background together with commonsense reasoning.
A question now arises: What is the logic behind
commonsense reasoning?

Deductive reasoning, which is the process of
demonstrating conclusions from general statements,
is usually identifies as prime logical reasoning.
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However, in science, inductive reasoning (from cases
to general statements) plays a major role since
concrete data are always particular manifestations of
patterns to be recognized through generalization.
The so- called hypothetico-deductive method
combines both types of reasoning to test hypotheses
by the confirmation of their conclusions.
Nevertheless, there exists a different type of
reasoning called abductive reasoning, defined as the
inference to the best explanation, which has gained
space lately in diagnostic tasks (Josephson and
Josephson, 1994). Abduction is considered by
epistemologists as a third alternative which allows
the creation of new hypotheses and the selection of
the best one by comparison of explanations. It is
obvious that in this kind of reasoning the background
knowledge plays a prominent role.  Abductive
reasoning is the basis of commonsense knowledge,
and for scientific purposes its principal feature is the
capability to lead to new information. Science is
mainly an abductive-inductive enterprise.

The structure of abductive reasoning could
be expressed as follows:

Premise 1: If A then B
Premise 2: B

Abductive conclusion: Probably A

In this case it is clear that deduction cannot
say a word since we have B in premise 2, which is a
necessary condition for A but not a sufficient one.
Notice that the abductive conclusion is only probable
since we only have the conclusion of premise 1.

This situation is very common in scientific
tasks and even more common in WM where
decision-making is usually done without enough
information and under the pressure of time. Later,
during the evaluation of cases, experts should
consider this to fairly evaluate the decisions made.

Abductive reasoning brings an interpretive
component since selecting the best explanation
implies the rejection of other alternatives, which are
not logically excluded. This interpretive component
has a contrastive essence that adjusts perfectly with
the contrastive nature of WM knowledge. In WM
we usually compare target units versus control units,
looking for signals of modification that do not follow
totally random patterns. However, our WM
knowledge certainly uses deductive and inductive
reasoning.  Rational knowledge, expressed by
conceptual and physical-mathematical models, is
directly related to deductive reasoning and can help
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us in decision making although it is usually not
sufficient on its own. Behavioral knowledge,
expressed by the analysis of particular cases, is
related to inductive reasoning and can help us in the
identification of patterns. It can also trigger
abductive reasoning, which at the end offers
interpretive (or abductive) knowledge (Fontrodona,
2000).

These three components are always present
in WM knowledge. To some extension WM could
become a paradigm for epistemologists because of
the necessary interpenetration of the three
aforementioned  approaches. In WM the
comprehension of what is singular is as much an aim
as the explanation of general uniformities. It is
precisely this focus in contingency what makes this
discipline a special case.

5. TEXAS WEATHER MODIFICATION
PROGRAM

The previous general considerations support
the operations in the current Texas Weather
Modification Program. The operations in this
program are done on seedable convective clouds,
whereas the volume-scan radar data are handled
through a set of software utilities called TITAN,
which also has an evaluation software package that
matches seeded clouds with similar unseeded clouds
(Bates and Ruiz, 2002; Mittermaier and Dixon,
2000). The Texas Program could be classified as a
well  controlled operational program  which
approaches with its structure the style of previous
experimental approaches (Ruiz-Columbié et al,
2003b). Those randomized experiments created a
methodology based precisely on the comparison
between target and control samples. The resulting
conclusions had a contrastive nature with a clear
interpretive component.

The intrinsic complexity of the weather
objects and their interactions does not permit
opportunities  for reductionism; hence, ideal
laboratory conditions are never reached. The point is
clear: uncertainties are inevitable when dealing
with clouds and precipitation since the processes
are never clear-cut and without undesirable noise.
Additionally, uncertainties come from non-ideal
information sources and from limitations and
ambiguities in our rational knowledge. Overcoming
this noise becomes a “titanic” task.

However, it is possible to create tools that
help to detect improvements within the three-
component knowledge model. For instance, since
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year 2001 in Texas the managing system, based in a
scientific approach, has been able to assess the
operational performances by using the comparisons
between seeded and unseeded control clouds.
Apparent increases in different variables, specifically
precipitation leaving the clouds, have been reported.
Now the system is capable of monitoring different
factors that describe accurately the quality of
performance and is seen as a quality control tool
(Ruiz-Columbié et al, 2003a, 2003b; Ruiz-Columbié,
2004). The main factors under control are:

1) Positions where the seeding material is
delivered;

i) Amount of material;

iii) Cloud portions affected by the
operations;

iv) Seeding times;

V) Missed opportunities.

Knowing these factors allow us to determine
for every seeded case whether or not the seeding
material is delivered at the right time and position,
and with the appropriate dose. A high correlation
between performance and apparent target responses
has been detected, and after three years of scientific
management we are convinced that the greater the
performance in cloud seeding operations the
greater the responses. This conclusion supports the
idea that the seeding material acts as a contributory
cause for the production of additional increases in the
process of precipitation formation. The current
critics (NAS, 2003), about the lack of scientific
proofs of cause-and-effect relationships in WM
results, should consider that the phenomenon of