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ABSTRACT

The main results of a randomized hail suppression experiment, Grossversuch 1V, are presented in this paper.
Grossversuch 1V tested the “Soviet” hail prevention method during five years (1977-81). The field experiment
took place in central Switzerland with the participation of research groups from France, Italy and Switzerland.

A very dense hailpad network (330 hailpads over 1300 km?) and a carefully calibrated 10-cm radar were used
to measure in two independent ways the hail kinetic energy of seeded and unseeded hail cells. The total sample
included 216 cells. The main result of the confirmatory as well as most of the exploratory analyses is that there
i$ no statistically significant difference between seeded and unseeded hail cells. A detailed discussion of the
reliability of the measurements, tests and methods is given together with a discussion about possibilities of
future evaluations of the Grossversuch IV data and other cloud seeding experiments.

1. Introduction

Weather modification using artificial ice or conden-
sation nuclei still remains a field in which positive re-
suits, scientifically approved, are few and often much
debated. The group of experts on weather modification
of the World Meteorological Organization' summa-
rized the situation as follows: “It must be considered
at present that with the exception of the dispersal of
supercooled fog, artificial weather modification is still
at a research level.” Hail prevention, an integral part
of scientific weather modification, is no exception in
terms of this general conclusion. There are many rea-
sons for this. Some problems are an incomplete

* Dedicated to Bruno Federer, deceased on 24 December 1982.
! “Report on the present status of weather modification,” May
1981, WMO report, Geneva.
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knowledge of both microphysical and dynamical as-
pects of hail formation, concepts of modification that
are based on oversimplified models, unreliable seeding
techniques, inadequate control of experiments, and
many others.

This unclear scientific situation of the problem of
hail prevention on one hand and the demand from
the agricultural community for a “successful” hail
suppression method on the other were the reasons for
starting an international hail prevention experiment in
Switzerland. The origins are as follows: In the Soviet
Union and other countries in East Europe, operational
programs of hail suppression claimed and still claim
hail damage reductions of 70% to 90% (Burtsev et al.,
1974; Burtsev, 1980), although the Bulgarian evalua-
tions of hail prevention programs showed lower re-
ductions in recent years (Stanchev and Simeonow,
1980). Since the design components (modification hy-
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pothesis, seeding technology, etc.) of all these projects
looked very promising, a test of the seeding method
seemed to be worthwhile. The modification hypothesis
is based on the theory of a so-called water accumulation
zone, which is supported by updrafts and in which hail
is growing from embryos of large supercooled rain-
drops. The idea of artificially producing more small
hailstones instead of some large ones is called the con-
cept of “competition of the embryos™ (Sulakvelidze et
al,, 1974). A sophisticated technique of massive seeding
with silver iodide, by means of high altitude ground/
air rockets, completes the method. The theory, together
with the seeding technique, interested scientists outside
the USSR especially because of the high reported rates
of success. However, rigorous scientific assessment
seemed indispensable because the estimated effects are
based on evaluations which are not convincing. They
were not obtained from the comparison of a treated
and a control group determined by a randomized pro-
cedure, and they used insurance data which are an un-
reliable measure of hail (Federer, 1977).

A controlled experiment which was mainly inspired
by Soviet modification concepts [without, however,
being an exact reproduction of the Soviet procedure
(Foote and Knight, 1979)], was made in Colorado
within the framework of NHRE (National Hail Re-
search Experiment). However, although the NHRE
experiment gave very valuable knowledge about the
formation and structure of hailstorms, as can be seen
in the nine-part paper by Foote (79) and Knight et al.
(1979), the question of the success of hail suppression
by seeding remained open; indeed, the main result did
not allow one to decide if a reduction in hail damage
existed at all. They obtained very wide 90% confidence
intervals that extended from a possible 500% increase
to a 60% decrease of hail kinetic energy. The apparent
inefficiency of the seeding could be explained partly by
the absence of the water accumulation zone in the Col-
orado storms.

This first assessment called for a more rigorous ex-
amination of the Soviet method of hail prevention with
European storms. In 1975 it was decided to carry out
a randomized experiment reproducing the Soviet tech-
nique exactly and using sophisticated physical mea-
surement of the precipitation. The project, called
Grossversuch IV, was launched by the departments of
agriculture of Switzerland, France and Italy, the Federal
Institute of Technology (ETH) of Switzerland, and the
Swiss and French hail insurance companies.

The field operations took place in central Switzer-
land. Figure 1 shows the geographical location of the
experimental area and the sites of the rocket-launching
posts. The experiment lasted from May 1977 till Sep-
tember 1981. The 5-year duration was fixed originally
in order to obtain a satisfactory statistical period to
demonstrate a potential 60% decrease of hail kinetic
energy. The operations were an exact copy of the Soviet
method, using the same radar wavelength to detect the
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hail cells, the same type of seeding criterion, and Soviet
rockets and launchers. The radar and rocket launching
crews were educated and trained by the Soviet hail-
prevention specialists in the years 1975-76. Diplomas
which approved the ability to carry out hail suppression
were handed out by the Soviet experts to the Gross-
versuch IV crew in August 1976 (Cloud Physics Group,
1977).

During the 5-year period, a total of 76 days with real
or control operations of hail suppression occurred, 33
with seeding and 43 without seeding. The operations
(forecast, randomization and hail suppression opera-
tions, etc.) followed the design of the statistical exper-
iment that was published before any data could be an-
alyzed. (See Federer et al., 1978/79.) This publication
will be referred to as “the design” in the following.

In the present paper we first give (section 2) an over-
view of the basic concepts and the available data ob-
tained during the randomized experiment Grossver-
such IV. Section 3-presents the statistical test based on
the hail kinetic energy measured by radar, strictly fol-
lowing the procedure described in the design along with
an improved variant of it. Another confirmatory anal-
ysis, using hailpad data, is given in section 4. Sections
5 and 6 consist of ideas for, and first results of, ex-
ploratory evaluations and sensitivity analyses. A sum-
marizing discussion (section 7) concludes the paper.

The principal result of Grossversuch IV is that seed-
ing clouds by the Soviet method in an operational
manner did not lead to a statistically significant effect
on the cloud’s hail energy. We can tell that the seeding
method does not realize a 70% decrease of hail kinetic
energy. With this result, Grossversuch IV allows us to
answer the initial question asked at the beginning of
the experiment. It is clear that this statistical fact calls
for detailed and thorough cloud physics and statistical
analyses of the data in the hope of detecting at least
some hints to help explain the present finding. It can,
however, be added that exploratory evaluations show
interesting statistical effects with mean intensity vari-
ables obtained by the hailpads. The purpose of this
paper is therefore not only to present the results of the
confirmatory test of Grossversuch IV but also to trigger
future investigations and discussions about Grossver-
such IV.

2. Basic concepts and description of data

The design contains a detailed description of the
conduct of the experiment and the most important
characteristics of Grossversuch IV. These aspects will
not be repeated here but only summarized briefly. Ta-
ble 1 gives a short description of the variables used.

a. Definitions

The experimental unit is the time from 1200 to 2100
central European time (CET) when thunderstorm
probability was estimated at 0915 to be larger than
30% north of the Alps. If the assessment was positive,
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FIG. 1. The geographical location of the experimental area of Grossversuch IV with the rocket launching sites.

a randomized 1:1 decision was made whether seeding
or control operations were to be conducted during the
experimental unit.

The experimental cell (called simply “cell” in the
following) is the experimental subunit. It is defined as
a 45-dBZ radar-reflectivity contour of the precipitation,
inside of which a series of vertical sections indicates
that the seeding criterion is met at least once within
the experimental area (see Fig. 1).

A hail day is an experimental unit with at least one
experimental cell.

A seed or no-seed day is a hail day with seeding or
control operations, respectively.

The Soviet seeding criterion turned out to be very
satisfactory (Waldvogel et al., 1979) in detecting cells
early in their development from an ensemble of con-
vective radar echos. Every cell was seeded on a seed
day and only carefully observed on a no-seed day.
Seeding was done with rockets at about the —5°C iso-
therm in the center of a cell if it was axisymmetrical,
and in the feeder clouds and forward overhang if it was
asymmetrical. The working model of this seeding tech-
nique is the Soviet implementation of the beneficial

competition concept with an “accumulation zone™ of
large supercooled drops.

Figure 2 shows an example of the seeding procedure
of a seeded cell. The evolution and displacement of
the cell and the trajectories of the fired rockets are plot-
ted; 2 of the 15 trajectories have to be counted twice
because two rockets were launched in the same direc-
tion. Several important events are indicated in the fig-
ure: fy is the moment when the seeding criterion is met
for the first time inside the experimental area; #; is the
time when the first and ¢;;, when the last rocket is fired;
and ¢ defines the moment when the criterion is not
met any longer or the cell leaves the experimental area.
The differences between ¢, and #; and between #; and
tyare due to technical reasons and to the “seeding pre-
scription,” which demands that one rocket has to be
fired every 5 min as long as the seeding criterion is
fulfilled.

The response variable R is the logarithm of the global
hail kinetic energy Egr of an experimental cell which,
in turn, is derived from radar data by the methods
developed by Waldvogel et al. (1978), Waldvogel and
Schmid (1982):
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TABLE 1. List of symbols.

Stability indices

BI Boyden-index = Hyp0 — Hiooo — T200 — 200 (H = height of the indexed mbar-level in deka-m, T in °C) -
ENGY net buoyancy energy (J kg™")
KI K-index = Tyso + Tygs0 — (Tsoo + Tr00 — Tar0) (T4 = dew point in the indexed mbar-level in °C)
Sh mean wind shear cloud base — cloud top [(10° s)!]
SI modified Showalter index (i.e., instead of 850 mbar, lowest S0 mbar average properties used) (°C)
TTI TT-index = Tgso + Tygs0 — 2T5M (OC)
WV water vapor in the lowest 50 mbar (g kg™')
Response variables
D prediction error (R-f)
E flux of hail kinetic energy (J m=2s7")
Eg global hailpad kinetic energy (10° J)
Egr radar-derived hail kinetic energy of a hail cell (gradual method) (10° J)
Er hailpad kinetic energy (J m™2)
R response variable [In(Egg + 1))
Secondary response variables
Dyax maximum diameter of hailstones (mm)
ETmax maximum point value of kinetic energy (J m™2)
Mg global hail mass (10° kg)
Mrmas maximum point value of hail mass (kg m™?)
Ng global number of hailstones (10°)
Nmex maximal point value of hailstone number (m~?)
Se area of hailfall (km?)
Predictor variables
Ass area within the 45-dBZ contour at time #, (km?)
d discriminant function (see design)
Ey logarithm of the average kinetic energy between (f, — 20 min) and (¢ + 4 min)
S, o fa predictor functions
FI indicator variable for a frontal day
F'M! indicator variable: 1, for days with frontal triggering of deep convection and moving cells (mean velocity > 4 m s7); 0,
otherwise
Gy growth parameter at ¢, (see design)
G, growth parameter at (¢, + 2 min)
Hy, cloud top height at time /£, (km)
L distance of cell from radar at ¢, (km)
M! indicator variable for a moving cell (mean velocity > 4 m s™')
t indicator variable: 1, if first 45-dBZ contour appears between 1300-1500 or 1900-2100 (CET); 0, otherwise
Ty " concomitant variable (cloud base temperature, convective condensation level) (°C)
Ts mean cloud-base temperature (7.46°C)
Tr indicator variable: 1, for cells penetrating the experimental area; 0, otherwise (cells developing inside the experimental area)
Ty temperature at cloud top (°C)
A indicator variable: 1, if the maximum radar reflectivity at £, = 51 dBZ; 0, otherwise
Alys time interval between the first appearance of 45 dBZ (PPI) and ¢, (set to zero if negative)
Other variables
Hy height of cloud base (CCL) (km)
H, height of 0°C level (km)
to first time the seeding criterion is met
t last time the seeding criterion is met
[ first seeding time of a cell
1 last seeding time of a cell
S indicator variable: 1 for seeded cells,0 for no-seeded cells
Z radar reflectivity (dBZ)
o, B,v,n coefficients in confirmatory test model
AB, Ay
Egr = 5 X 1078 X 10%%%42p(Z) (1) Here Zisin dBZ, Eggin J m~2s7!. The value of Egg
can be obtained by integrating over the corresponding
where, area and time interval as defined in the design:
0 for Z<55 tr+20 min . dxdvd ,
' Egr = f f Egr(x, y, ¢ t.
W(Z)= {0.1(Z—55) for 56<Z<64 R} g min Jren or cn LR Vs Dxdydl. (2)

1 for Z = 65. Because of the extremely high skewness of the distri-
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FIG. 2. The seeded cell 1759 from 6 August 1978. The 45-dBZ contours in intervals of
10 min are shown, as are the trajectories of the rockets fired into this cell. Two of the fifteen
trajectories have to be counted twice because two rockets were launched into the same
direction. The figure on the bottom gives the isolines of the kinetic energy measured by the

hailpads for 0, 20 and 50 J m™2.

bution of Egg, a logarithmic transformation is used
for the actual response variable:

R =In(ELg + V). (3)

Another response variable, Eg, is the corresponding
hailpad-derived global kinetic energy. It is obtained
from the number and diameter of hailstones which
have fallen onto each hailpad within the swath of an
experimental cell. Figure 2 shows a picture of the two
hailpad networks used in Grossversuch IV: the French
network in the northeast and the Italian network in
the southwest of the experimental area. The point ki-
netic energy value Er; of hailpad / is calculated ac-
cording to Mezeix and Doras (1981):

Er = 4.58 X 107 3 nid?. )
J

Here n; is the number of hailstones of class j (m™2) and
d; is the middle of the jth class diameter in millimeters.

The global energy E is defined as the sum of the ener-
gies of all the hailpads hit by a cell multiplied by the
area of the mesh unit. (Here s = 3.8 km? for the French
network and s; = 4.0 km? for the Italian network:)

Eqc= X Epsrt+ 2 Ensi. (5)
iin iin
cell and cell and

French Italian
network network

The agreement between the two independently mea-
sured kinetic energies (radar and hailpad) will be dis-
cussed in section 6.

In addition to the primary test variable, hail kinetic
energy, we define (compare Crow et al., 1979) several
secondary response variables measured by the hailpad
network. Three global variables can be calculated for
each hailfall by summing the respective point values
and multiplying by the area s of the mesh unit:
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TABLE 2. Data and data storage.
Data storage
SMA
ETH* GNEFA/UCEA* Swiss Meteor.
Service,
Operation Data Tape Film Reports Tape Reports Zurich
Operational Alarm daiy yes/no X X
decisions Randomization N/S X X
Criterion met yes/no X X
Radar PPI (10 cm) ' X X X
RHI (3 cm) X X (1)
PPI (5 cm) SMA : X
Calibration X
Cell information X X
Hailpads French network X X X(5)
Italian network X X X(5)
Seeding Trajectories X X
information Seeding parameters X
Meteorology Sounding Payerne X(2) X - X
Mesonet SMA (Stations: Luzern, 3) . X
Napf: Temp., pressure, wind
etc.)
Disdrometer fix X X
Rain data X X X X X
Temp., wind (radar base) X(4)
Microphysics Hailstone analysis X(5) X(5)
. Ice nuclei sampling at radar base X
T-28 (1982, 1983) X(6)

* Other sources 1) planchettes, 2) drawings, 3) listings, 4) stripcharts, 5) photographs, 6) tapes from South Dakota School of Mines.

Hail area: Sg = Ps; (6)
P
Hail mass: Mg =5 >, My @)
i=1
P
Number of hailstones: Ng =5 2, Np. 8)

i=1

Here P is the total number of hailpads hit by a cell,
M; the mass of hail recorded by hailpad i, and Ny; the
total number of hailstones recorded by hailpad i.

Four maximum point variables are also used: Nymax,
Etmax, MTmax and Dy, . They represent the maximum
values of the number of hailstones per square meter,
kinetic energy, mass and hailstone diameter observed
by one of the P hailpads hit by a cell.

b. The data

A large amount of ground measurements, radar data
and other meteorological information was collected
during the field experiment of Grossversuch IV. Most
of the data are available on magnetic tape in the com-
puter center of the ETH. A cell-oriented data bank has
been developed which contains the relevant informa-

tion for the confirmatory and exploratory analyses of
the experiment.

Other information is stored in the form of sequential
data files or published in the annual reports of the dif-
ferent research groups (Swiss, French and Italian). An
overview of the available data is given in Table 2. For
further information on data format and storage we refer
to the annual reports (Cloud Physics Group, 1976-83;
GNEFA, 1978-82; UCEA-IILA?, 1980, 1981, 1983).

The raw data for the confirmatory test and the rel-
evant parameters for each cell are listed in the Appen-
dix. Table A1 presents for every cell the values of the
parameters of the day, i.e., seed or no-seed, frontal or
thermal thunderstorms, an indicator variable about the
cell movement, and the cloud base temperature. Every
experimental cell is identified with an identification
number which is the time of its first observation on
the radar screen. Furthermore, the table contains for
every identified cell an indicator variable about the
place of origin; the height of the cloud (echo) top at #o;
the most important operational parameters, such as
the times f, ¢, 5, #;5; the number of rockets fired into

2 Istituto Italo Latino Americano (Roma).
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TABLE 3. Number of hail days and experimental cells (derived from radar) for each operational year, the total for each year,
the total for the period 1977-81 (confirmatory analyses) and for the period 1977-82 (future exploratory analyses)

Total

Total

1978 1979 1980 1981 1977-81 1982 1977-82

1977

Random-
ization

Days Cells Days Cells Days Cells Days Cells Days Cells Days Cells Days Cells

Cells

Days

140
113

46
253

37

18
19
37

3
4

122

43
33

9 21

8
17

18
11

29

4
4

34
12
46

11

31

12
8
20

18

26

7

No-seed ()

Seed (S)

94
216

29
50

4
15

16
47

83

76

16

Total

FEDERER ET AL. 923

the cell, and the resulting seeding coverage. The values
of the two response variables and the discriminant and
predictor functions (see section 3) are also given.

The tests presented in this paper are restricted to the
measurements collected during the S-year period 1977-
81 as determined in the design. In the last year, 1982,
the randomization and the operations continued as in
the previous years for two months, except that the hail-
pad network could be maintained only in a reduced
extent due to financial reasons. Thus there exists an
extended dataset containing the data of a 6-year ran-
domized seeding experiment with a total of 253 cells.
This set will be used for exploratory analyses.

The numbers of hail days and cells are presented in
Table 3. They reveal that more no-seed than seed days
were obtained (43 versus 33 days for 1977-81). The
difference, however, is not significant. The probability
of obtaining 43 or more no-seed days out of a total
sample of 76 days by a 1:1 unrestricted randomization
is 0.15. One finds the same ratio (1.30) for the cells as
for the days. This ratio is smaller (1.24) for days and
cells for the 6-year period. Also, in the last year, the
average number of cells per day was five as opposed
to three in the previous years.

In the design, a total of 260 cells was estimated to
occur in the experimental area during a S-year period.
Obviously, this goal has not been reached completely,
with only 216 cells actually observed. With the addi-
tional year (1982), however, the desired number could
be attained very closely.

It is informative to compare seed with no-seed days
on the basis of parameters which cannot possibly be
influenced by seeding, like the synoptic variables; we
discuss this “representative draw” analysis (Summers
et al., 1979) in section 6a.

3. Confirmatory test using radar data
a. Introduction

This section describes the procedure and results of
the statistical test which motivated Grossversuch IV
and was outlined in the design. (See aiso Hampel et
al., 1983.) Using terms introduced in section 2, the
basic question may be formulated more precisely as
follows: Do the experimental cells on seed days and
no-seed days differ in the response variable R in a sta-
tistically significant way?

Before going into a discussion of the statistical test
that provides the scientific answer to this question, let
us compare the seed and no-seed cells. Figure 3 shows
that both the median and the mean value of R for the
seeded group are larger than for the no-seed group.
While this would suggest that seeding leads to an in-
crease of the hail kinetic energy (by a factor of 2.7 and
4.3, respectively), the difference is far from being sta-
tistically significant. A Wilcoxon-Mann~-Whitney test,
applied to the first cell of the hail days, produced a
P-value of 0.51.
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[ NO-SEED (122 cells in 43 days)
SEED (94 cells in 33 days)

rel. frequency

R=In(Egp+1)

- FIG. 3. Histogram of R = In(Egg + 1) for seed and no-seed cells;
R: arithmetic mean; med: median.

It would be quite astonishing and difficult to interpret
if, under such circumstances, a refined analysis dem-
onstrated a significant reduction of hail energy by
seeding. In order to obtain more precise information,
we will, nevertheless, go through this analysis. If a
question like the one asked at the beginning of this
section is to be tested with a well-defined probability
of an error of the first kind, it is essential to fix the
exact testing procedure before looking at the data to
be used for the test. Therefore, the plan for this con-
firmatory analysis was published in the design.

The main ideas of this test are recapitulated in sec-

tion 3b. The results appear in section 3c. Section 3d.

presents the alternative test, which incorporates a
theoretical statistical insight that came up after the
publication of the design but before examining the data.
Finally, in section 3e, confidence intervals for the true
seeding effect are derived.

b. Main ideas of the test

The hail kinetic energy is so variable that an ex-
ceedingly large number of observed cells would have
been required in order to get a satisfactory power of
the test. When planning the experiment, we therefore
resorted to a statistical device to reduce the variability:
A function f'was developed which should predict the
response variable R, using variables which characterize
the development of the cell up to the time % + 5 min
of a first potential seeding effect. The function was ob-
tained by regression methods using data of preliminary
observations of untreated cells. Instead of R, the de-

viations D = R — f are now examined in the main .

experiment. Clearly, a potential reduction of the R-
values by seeding should be reflected by a similar de-
crease in the deviations D, but these have a lower vari-
ability if the prediction is effective.
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The seeding criterion attempts to distinguish cells
that will eventually produce hail from ordinary rain
cells. Applying the seeding treatment to cells which
would not produce hail in any case is preferable to not
seeding actual hail cells. The seeding criterion is there-
fore conservative, and there are many cells that have
a zero response value (R = 0) even if unseeded. These
zero cases dilute any apparent effect of seeding; i.e.,
they reduce the power of the test. Along the lines fol-
lowed for the prediction of the response variable, a
discriminant function d was developed to distinguish
between zero and nonzero cells, using information ob-
tained before 7, + 5 min only. The cells that were pre-
dicted as zero cases by d were then dropped from the
sample for the main test. It was hoped that the dis-
criminant function would be more effective than the
seeding criterion because it was based on more detailed
information about the early development of the cells,
which was not available in real time.

Based on cloud physics, it was anticipated that a
possible seeding effect might be different for low and
high values of the cloud base temperature 75. There-
fore, the alternative hypotheses for which the test was
designed included not only an overall difference be-
tween seed and no-seed cells, but also a linear depen-
dence of the difference on 7.

In order to devise a model which reflects these con-
siderations, an indicator variable for seed and no-seed
days is needed. Let

S, = {l if day k of year j was a seed day
! 0 otherwise,

and let Djy, = Rjxm — fiwm be the difference between
the response variable and the value of the predictor
function for cell m on day k of year j. Then a model
that covers all the mentioned alternatives is as follows:

Djim = o + BTl — Tl + AySjk

+ ABUTw)ix — ThISjk t+ €jim-  (9)
The first two terms on the right side of (9) allow a
nonzero mean of the D-values for no-seed cells, and
this mean may depend on Tz. The third term reflects
a potential mean effect of seeding, and the fourth, its
dependence on Tg; T stands for the mean cloud base
temperature. The last term is the random error,

This model was refined to include: (a) a possible
year effect which might be caused by climatic and in-
strumental changes; and (b) a possible difference be-
tween average D-values for cells originating within and
outside the experimental area, since these D-values are
based on different predictor functions. The final model
is now

Dijim = o + 1Hjion + BI(T8)jx — T3] + AvSjk

+ AB(T8)jx — T5lSjk + €kms  (10)



JuLy 1986

where Hj,» is zero or unity for cells originating within
or outside the area, respectively. Introducing such co-
variate terms into the model has an effect similar to
using the predictor function. It improves the statistical
power of the test by reducing the variability of the error
term if they really have some influence on the depen-
dent variable, The decision as to which terms should
be included was based on plausibility considerations
only, without using data of the main experiment; this
was in order to preserve the strictly confirmatory nature
of the procedure.

The test examines whether A8 and Ay may be zero.
The classical ¢- or F-tests of such hypotheses assume
normal distribution, equal variance and independence
of the random errors ;4. Previous data showed that
the distribution is not normal. It is plausible that cells
within the same day can be correlated. Even though
the “intraday correlation” was estimated to be quite
low in the preliminary study (r = 0.09), independence
cannot be assumed. Similarly, the variance of the errors
could be a function of the concomitant variable Tp.

It is known that randomization tests do not need
these assumptions (Cox and Hinkley, 1979, Chapter
6; Brillinger et al., 1978, p. F1 ff). They keep the desired
statistical level under very general conditions. At the

same time, their flexibility allows for easy adjustment '

to relevant alternative hypotheses and to robustness
requirements.

Here is a brief explanation of the basic idea of the
randomization test as applied to the present situation.
Assume that the randomization procedure which was
applied to determine the seed and no-seed days had
produced a different choice of seed days than the actual
one. Under the null hypothesis of no seeding effect,
exactly the same data would have been observed any-
way. Specifically, in model (10), only the Sj;-values
would be different, corresponding to the different hy-
pothetical randomizations. Now, consider all possible
hypothetical randomizations or, technically speaking,
all 0-1 sequences of length 76 (the number of experi-
mental days) as candidates for the 76 Sj,-values. This
leads to a probability model in which only the S, values
are random, whereas the D;y,,, Hjim and (T'5); values
are fixed numbers. The randomization procedure en-
tails equal probability for all the 0-1 sequences. For
each of these sequences, the parameters A and Ay in
model (10) can be estimated. This leads to a probability

distribution for the estimates (AB, Avy) that is valid
under the nuli hypothesis. Itis called the randomization

distribution of (A’B, @y). In our case the distribution
is two-dimensional.

Under the alternative hypothesis that the seeding

procedure is effective, the A/7y-value for the random-
ization realized in the experiment is expected to be

more negative than most of the Ay-values for the
hypothetical randomizations. Similarly, under other

alternatives, large values of A/%f or extreme values of
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ATB are to be expected. The test is thus specified by
delimiting a rejection region of extreme values in the

(AB, Ay) plane that includes 5% of the randomization
distribution. The test result is significant if the (AS,

A/}) pair for the actual randomization falls into the
rejection region. Following the design, the region was
determined to contain the 3.5% most negative and the

0.5% most positive AAy and the 0.5% most extreme

AB on each side of the rest (see Fig. 5). The asymmetry
in this definition provides more statistical power for
the a priori most likely alternative. This construction
ensures that the probability of an error of the first
kind-—rejection of the null hypothesis when it is true—
is indeed 5%. The only assumption needed is that all
the randomizations have equal probability of being re-
alized in the actual experiment. Hitherto we failed to
specify which estimators should be used. Least-squares
estimators would be optimal if the errors ¢ were nor-
mally distributed. Since this is not true, an analogy
with the classical testing and estimation problem sug-
gests that using robust estimators will increase the
power. We used a Huber estimator (Huber, 1973, p.
815; k = 1.5). These considerations show how the ran-
domization test is adjusted to alternatives on an in-
tuitive basis, even if formal power calculations would
need more assumptions and work than we can afford.

The randomization distribution cannot be obtained
analytically. If the number of possible randomizations

is small enough, the statistic (A/\ﬁ, A/ry) could be cal-
culated on the computer for all of them; this would
yield the exact randomization distribution numerically.
Since the number of possible choices of seed days is
exceedingly large, the distribution is approximated by
simulation: The value of the statistic is calculated for
a reasonably large number of randomly generated se-
lections of seed days. Although this introduces some
additional randomness into the test procedure, its effect
is negligible when using 3000 random selections (com-
pare Brillinger et al., 1978). The randomizations were
restricted to provide the same number of seed and no-
seed days in each year as the randomization used in
the experiment.

This testing procedure is the specification of the
nonparametric test corresponding to the F-test which
was planned in the design. It was worked out by the
statistics group at ETH down to the details of program-
ming before they got involved in the analysis of the
data of the main experiment (Schweingruber, 1981).
There is one point in which the procedure does not
conform to the design. The intention was to exclude
from the analysis those cells for which the seeding pro-
cedure had not been carried out successfully. Specifi-
cally, the seeding coverage was defined as the ratio of
the number of rockets which were launched successfully
to the number required by the Soviet method. For
technical reasons, this ratio could be quite low in some
cases and 0.33 was specified as the threshold for un-
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TABLE 4. Effect of the discriminant function d.
Hail (R > 0) Rain (R = 0)

Cells Seed No-seed Total Seed No-seed Total * Total
Included 48 44 92 4 9 13 105
Excluded 24 49 73 18 20 38 11
Total 72 93 165 22 29 51 216

satisfactory seeding. Now, the seeding coverage can be
determined properly for seed days only and, thus, only
seeded cells would be deleted. It became clear soon
after the publication of the design that this would in-
troduce a bias into the test if the seeding coverage was
correlated with the energy of the cell. Thus we decided
to disregard the seeding coverage for the test. Therefore,
all cells on seed days will be treated as seeded cells in
this section, even if they actually were not seeded at
all due to technical difficulties. The seeding coverage
will be used for exploratory analyses, and in section 6
we shall show that it is actually correlated with the
response variable R.

c¢. The result of the confirmatory test

The discrimination rule developed with the intention
of excluding rain cells from the ensemble was defined
in the design as

d=—0.17 + 0.024At45 + 0.0254,5"
+ 0.045G, + 0.018Z%, < 0.4. (11)

Table 4 shows that 51% of the cells were ruled out;
66% of these produced hail, nevertheless (R > 0),
whereas 12% of the remaining cells turned out to be
rain cells (R = 0). Despite this poor result, the function
will be applied in the confirmatory test in order to fol-
low the design strictly. (The results obtained from all
the cells will be given in section 6.)

The predictor functions, as obtained by Morgen-
thaler (1980), were

fir=—2.15 + 1.43 In(4ss* + 1) + 0.18Go
+ 2.64F'M’ + 0.99H, + 0.13Tz  (12)

for cells which originated in the experimental area and
ﬁR =-2.02+243 ln(A45+ + l)
+ 0.22G, + 0.78F'M* (13)

for those penetrating the area. The reduction of the
_variability was smaller than anticipated [var(D)/var(R)
= 0.77].

In Fig. 4 the prediction errors D are plotted against
the cloud base temperature 75. We do not find any-
thing peculiar nor is there an obvious effect of seeding.

Figure 5 shows the distribution of the 3000 simulated

values of (AB, A/Ty) and the resulting rejection region.
The point representing the actual randomization is
marked by a black square and is not in the rejection
region. Thus the effect of seeding, if any, is not statis-
tically significant in terms of the confirmatory test cor-

responding to the design. The value Ay = 0.93 for the
actual randomization is exceeded by only 8% of the
randomization distribution, suggesting that seeding
might even increase the hail energy.

d. An alternative test

It was mentioned above that the predictor function
was not as effective as expected in the design. One rea-
son may be that the dataset on which the function was
developed included cells from outside the experimental
area and only contained cells which had been observed
by radar during their whole lifetime. Another reason
might be that while the variables of the function were
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FIG. 4. Scatterplot of the prediction error D on the concomitant
variable Tp. Square represents seed; circle, no-seed cells.
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FIG. 5. Randomization distribution and rejection region for the confirmatory test
(3000A83- and A+y-values). Square, (A8, Avy) for the actual randomization; 5-9 represent the

respective number of superimposed points.

selected using a dataset of 74 cells, the coefficients were
estimated using only 20 cells.

The randomization test allows us to derive a pre-
dictor function from the data of the main experiment
as long as no attention is paid to the days on which
seeding occurred, as is clear from the discussion in sec-
tion 3b (see also Hampel et al., 1983). For the alter-
native test, a different set of potential predictor variables
was chosen, including those mentioned in the design.
A Cj-search (Daniel and Wood, 1980) was applied sep-
arately for cells originating within and outside the ex-
perimental area to select those variables which would
enter the equation. The coefficients were then estimated
using the Huber estimator with parameter 1.5. Because
the process of obtaining radar measurements had been
improved considerably after the first year (1977), only

the data of the years 1978-81 have been used for this
task. The resulting predictor functions were

for = oj + 0.75H, + 0.075T + 0.84E,
+0.76 In(445" + 1) + 0.19G;, — 0.023L,
with
ay = —2.33, a3 = —2.25, ay = —2.98, as = —3.49
for cells originating in the experimental area and
fr = o; + 0.98E,

(14)

(15)

with
ar =315, a3 =278, as4=04, as=274

for those penetrating it. The reduction of the variance
using this predictor was var(D)/var(R) = 0.54.
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The concomitant variable T was replaced by the
predictor function f of the cell in order that any de-
pendence of the seeding effect on the size of the cell
could be detected. Such a dependence would also hint
at a different seeding effect for supercell and multicell
storms, which was assumed beforehand. Finally, the
discrimination of hail and rain cells was dropped for
simplicity, although it would have been possible to ob-
tain a better rule from the main dataset in the same
way as the prediction given by f.

When using the new predictor functions, it would
have been possible to reduce the model (10) to (9),
since the additional terms in (10) are reflected in the
predictor functions. We continued with the extended
form for our convenience, and further analyses were
carried out exactly as for the previous test.

AP,
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The result of the alternative test, given in Fig. 6,
shows that the point corresponding to the actual ran-
domization is not situated in the rejection region,
meaning that this test also failed to show an effect of
seeding. There is a tendency toward a larger effect of
seeding (in the unfavorable direction) for larger cells,
since only 4% of the randomization distribution have
a AB-value larger than the observed one.

e. Estimated effects and confidence sets

The estimated parameters in model (10) are included
in Table 5. A point estimate for the effect of seeding

for an average cell can be obtained from AY. Seeding
seems to increase hail by a factor of ¢2” = 2.5 according
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FIG. 6. Randomization distribution and rejection region for the alternative test.
(Compare Fig. 5.)
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TABLE 5. Summary of the numerical results of the confirmatory and aiternative tests for the
mean effect Ay and the dependence of the effect on the concomitant variable (7): AB.

Confirmatory test

Alternative test

More extreme

More extreme

randomizations randomizations
Robust Classical (%) Robust Classical (%)

Estimate &y 0.930 0.792 8 0377 0.280 1
Estimated factor 27

for the energy E 2.53 2221 1.46 1.32
Confidence intervals

for Ay (—0.36/2.31) (—0.58/2.16) (—0.37/0.93)
Confidence intervals

for the factor &*” (0.70/10.1) (0.56/8.70) (0.69/2.54)
Estimate Kt\i 0.224 0.170 18 0.147 0.158 4
Estimated factor ¢** 1.25 1.19 1.16 1.17
Confidence intervals

for AB (—0.22/0.65) (—0.29/0.63) (—0.12/0.44)

to the values obtained in the confirmatory test, but this
increase is not significant.

Confidence intervals can be obtained in two different
ways. The simpler way uses the classical methods.
Standard textbooks on regression provide the methods
for obtaining confidence intervals for the individual
parameters AB and A+ or confidence ellipses for both
of them simultaneously, assuming that the errors ¢,

af

Y

FI1G. 7. Confidence sets for A8 and Ay corresponding to the con-
firmatory test. Lines indicate 90% confidence region obtained from
randomization tests; dotted circle and cross indicate 90% confidence
region and 95% confidence intervals obtained by classical methods;
square indicates robust estimate (A8, Avy).

are normally distributed with a known correlation
structure. We allowed for a nonzero intraday correla-
tion which was estimated by an ad hoc procedure in
the spirit of Daniel and Wood (1980, chapter 8) to be
0.33 for the data used in the first test. Figures 7 and 8
show the confidence intervals and ellipses. The confi-

dence interval for the mean seeding effect e®” extends
from a reduction by 40% to an increase by a factor of
8.7 for the first dataset. Note that a reduction of 60 or
80%, as it appeared in the Soviet reports, is outside of
the actual intervals. Using the alternative way to obtain
the predictor function yields a narrower interval which
extends from a 30% reduction to an increase by a factor
of 2.5.

A second way to obtain confidence sets follows the
spirit of the randomization test. With a slight modifi-
cation, this method can also be used to test the

1eS

At

AV}

FIG. 8. Classical confidence sets for A8 and Ay corresponding
to the alternative test (compare Fig. 7).
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hypothesis A3 = AB*, Ay = Avy* for any fixed pair
(AB*, Av*). One just replaces the Dji,-values by
Djim — AY*Sji — AB*S;(Cjie — C€), where C is the
concomitant variable, and applies the randomization
test as described above. Then, in principle, the confi-
dence set for AG and Awy is the set of all (AS*, Avy¥)
values which are not rejected by the test. The rejection
region for each test was determined to include the 2.5%

most extreme A/B and A/:y values on each side rather
than the asymmetric percentages used in the main test.
This leads to a 90% confidence set and approximately
95% confidence intervals for the two parameters sep-
arately. In practice, this confidence region could be
determined only with limited precision. We calculated
P-values of 36 tests near the assumed border lines, using
2200 randomization replicates in each. Assuming the
border lines were approximately straight, we calculated
them using an elaborate ad hoc regression procedure.
The remaining uncertainty about their exact position
is represented in Fig. 7 by the shaded strip delineating
the confidence quadrilateral.

We applied the procedure to the data used for the
first test only. The resulting confidence interval for the

mean effect of seeding (¢*”) is similar to the result
obtained with classical methods but shifted towards
higher values. It extends from a reduction of 30% to
an increase by a factor of 10.

f. Conclusions

The confirmatory test of Grossversuch IV, as de-
scribed in the design, fails to show any statistically sig-
nificant effect of the Soviet method of cloud seeding
on hail kinetic energy measured by radar. A reduction
by more than 30% is excluded by our results using a
confidence level of 95% (two-sided). There is an indi-
cation that seeding may even increase the energy. A
second, alternative test leads to the same qualitative
conclusions but yields narrower confidence intervals.
(See Table 5.)

4. Test with hailpad data

The null hypothesis of the confirmatory evaluation
to be tested with hailpad data is as follows: the seeding
of hailstorms according to the Soviet rocket seeding
technique during the experimental unit causes no dif-
ference in the distributions of kinetic energy of hail
produced by a cell between no-seed and seed cases.
The test variable used is the global hailpad kinetic en-
ergy Eg [see (5), section 2] of a cell. It is clear that this
hailpad variable has the advantage of representing the
real ground truth of the hailfall as opposed to radar
measurements, which include both rain and hail in-
formation, but has the disadvantage of being a discrete
time-integrated measurement. The procedure used in
obtaining this cell-oriented information from hailpad
measurements is described in section 4a. Section 4b
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gives the results of the confirmatory evaluation com-
paring the two groups. First, a test on a contingency
table (comparing hail and zero cases) is conducted for
qualitative information; then, the result of the confir-
matory test is given for the hail kinetic energy (Eg) of
each cell. We add a result with the cell Eg-values cu-
mulated over one day. In section 4c, zero and nonzero
cases are simultaneously considered. As it is possible
to obtain other physical variables with hailpads, the
results of testing secondary response variables are pre-
sented in section 4d.

a. Procedure used for the determination of hail zones

The quality of hail measurements is crucial to the
whole experiment. Therefore, a major effort was made
to ensure the use of reliable instruments and mainte-
nance procedures and to obtain maximum accuracy
in processing and analysis (Vento, 1976; Mezeix and
Admirat, 1978; Admirat et al., 1980; Doras, 1983).

1) EXPERIMENTAL APPARATUS

The data come from a dense and regular network.
The northeastern part includes 211 hailpads with a
regular lozenge-shaped mesh area of 3.8 km? covering
802 km?; the southwestern part has 122 hailpads with
a mesh area of 4.0 km? covering 488 km? (Figs. 2 and
9). The hailpads have a sensitive surface of 0.1 m?. In
1977, the material consisted of a sheet of aluminium
foil (0.2 mm thick for French and 0.03 mm for Italian
pads) rebacked and glued on to emalene foam. Since
1978, all those hailpads were replaced by 2-cm thick
plates of “roofmate” (polystyrene). The use of roofmate
requires special preparation and a series of checks:
coating with white paint to avoid decomposition of the
surface, calibration of each batch of roofmate pads,
postfall inking to increase the sharpness of the imprints
for easier measurement and, finally, conservation and
photographing of the pads. '

By quick and regular maintenance of the hailpad
network, we have been able to obtain data on the pro-
duction of hail assigned to individual cells. This is an
improvement on daily recording.

2) PROCEDURE

After the determination of the times % and ¢ for
each cell by 3-cm radar, the 10-cm PPI radar reflectivity
contours (45, 55, 60, 65 and 70 dBZ, according to the
cases) were digitized and drawn on a map of the ex-
perimental area along with the mass center of each
isoecho contour with the corresponding time. A very
exact account, hailpad by hailpad, of the potentially
hailed zone is then obtained by superimposing the PPI
data of the cell with the hail pattern data (Fig. 9). When
no hailpad received hail, the cell was considered to be
a zero case.
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FIG. 9. French and Italian hailpad networks covering the experimental area. Radar reflectivity contours
(PPI 5°) of hailcell 1931 from 9 September 1979 associated with impacted hailpads.

As a first approximation, the most probable average
time representing a hailfall on a hailpad corresponds
to the time when the centroid of the 55-dBZ echo was
above the hailpad. In some cases where there was no
55-dBZ echo, we took the mass center of the 45-dBZ
echo. With this procedure, all the hailpads are assigned
an average fall-time. The various response variables
can then be calculated in any time interval.

Among the 216 previously discussed cells, 11 are
not taken into account for the test with hailpad data.
Table 6 shows the date, identification number, ran-
domization, kinetic energy Eg and the reasons for dis-
carding these 11 cells. Thus, 205 cells remain: 122 no-
seed (59.5%) and 83 seed cells (40.5%).

In the (¢ + 5 min) to (¢, + 20 min) interval, out of
122 no-seed cells, 62 (51%) gave hail and 60 (49%) did
not. Among the 83 seed cells, 47 (57%) gave hail and
36 (43%) did not. (See Table 7.)

The 49% of cells with the seeding criterion satisfied
but without any hail detected on the ground is close
to the 50% of hailcells without hail on the ground found
by Waldvogel et al. (1979) with a different sample of
cells. The 62 no-seed cells with hail on the ground come
from 31 days and the 47 seed cells from 26 days. In
addition to the sample of 62 no-seed cells and 47 seed
cells with hail, we shall also consider the sample of 31
no-seed and 26 seed hail days for which the values of
the cell response variables will be cumulated daily.

TABLE 6. The 11 cells not taken into account for the hailpad data tests.

Identification
Date number Randomization E; Reason for discarding

18 Jun 1977 1305 seed 0.00 not seeded

4 Jul 1977 1921 seed 0.00 not seeded

8 Jul 1977 1538 seed 0.00 not seeded

7 Aug 1977 1320 seed 0.00 not seeded
14 Sep 1979 1355 seed —_ network not in operation
14 Sep 1979 1437 seed —_ network not in operation
14 Sep 1979 1731 seed — network not in operation
19 Aug 1980 2037 seed 0.00 not seeded
16 May 1981 1413 seed 0.00 not seeded

9 Jul 1981 1629 seed 0.00 not seeded

8 Aug 1981 1735 seed 0.00 not seeded
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TABLE 7. Number of cells with and without hail on the pad
network for the (f, + 5 min) to (¢ + 20 min) time interval.

Number of cells
Seed No-seed Total
With hail 47 62 109
Zero hail 36 60 96
205

Total 83 122

b. Results of the confirmatory test

The confirmatory test is the -test applied to a log-
normal transformation of the E;-values as stated in
the prior hypothesis (Federer et al., 1978/79). The Kol-
mogorov-Smirnov test shows that the fit of Eg-values
to a theoretical lognormal distribution is possible. It
calculates the maximum deviation dp.x between the
values of the distribution of the cumulative frequency
function for the sample and the values of that func-
tion for the population. When dy,, is less than 0.886/
(n + 1.5)'2, the hypothesis of variables fitting the theo-
retical distribution can be accepted at the 5% level
(Dagnélie, 1975). But as the numbers of values in the
seed and no-seed samples remain small, the goodness
of fit to a theoretical lognormal distribution is weak.
Thus, on the same data, we also use the Mann-Whitney
nonparametric test whenever the probability density
function is not specified. This test is added to the con-
firmatory evaluation for a complementary validation.

1) TEST OF SEEDING EFFECT ON THE FREQUENCY
OF ZERO CASES

A x’-test applied to Table 7 (x* = 0.45; P = 0.51)
and a x’-test with Yate’s correction (x> = 0.27;
P = 0.60) do not allow the rejection of the hypothesis
that the samples are homogeneous. The proportion of
zero cases is not statistically different in the no-seed
and the seed ensemble. To show an effect at the 5%
level with this test, 14 of the 47 seed cells with hail
would have to become 14 additional zero cases.

2) CONFIRMATORY TEST OF THE SEEDING EFFECT
ON CELLS WITH HAIL (62 no-seed, 47 seed cells)

The Kolmogorov-Smirnov test does not allow the
rejection of the lognormal hypothesis concerning the
two distributions, seed and no-seed, (Fig. 10 and Table
8) at the 5% level, where the critical values of dp,, are
0.127 and 0.111, respectively.

As the primary test variable Eg is lognormal, we can
use the student t-test for the confirmatory evaluation.
If ' -

)El = logEm and )?2 = logEgz (16)
are the means of the logarithmic kinetic energy of the

two samples, no-seed (Eg;) and seed (Eg,), an unbiased
estimator of D, the difference between the true mean
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values, is calculated by D = X%, — X, and the median-
unbiased estimate of p (the ratio seed/no-seed of the
two real geometric means) is calculated by p = 10°.
We can define 90 or 95% confidence limits for p by
the power of 10 function of

_ 1 1\~
Xy — X1 X tyisn2-2,a Sd(_ + "‘) ,
nl n2

where nl and #2 are the numbers of the no-seed and
seed samples, sd is the pooled estimate of the standard
deviation and ?,1n—2. the upper 100« percentage
point of the student t distribution with nl + n2 — 2
degrees of freedom (Crow et al., 1979). This confidence
interval must be used with care because the lognormal
hypothesis does not consider that logE; and sd are
location and scale statistics (Bury, 1975). The calcu-
lation of § is valuable as a practical indication of the
ratio (seed/no-seed) of the two geometric means and
of the percentage P of increase or reduction of the vari-
ables; P is linked to p by P = (5 — 1)100.

The comparison of the two distributions of the hail-
pad kinetic energy (estimated in terms of geometrical
mean) shows a nonsignificant trend toward a decrease
(p = 0.77) for the seeded cells. The P-value of the
t-test equals 0.59, The 90% confidence limits of p are
0.34 and 1.75, meaning that the possible effect can be
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FiG. 10. Distributions of 62 no-seed and 47 seed hail kinetic energy ‘
: values (logFEs) measured by hailpad network.
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TABLE 8. Results of the confirmatory test with the logarithmic value of hail kinetic energy
(logEg) from cells with hail. The P-value is given for the two-tailed test.
Lognormal
distribution t-test
90% confidence
Randomization No. cells LogEs e 5% level t P ] limits for p
Seed 47 199 + 1.13 0.07 yes
No-seed 62 2.10 = 1.06 0.09 yes ¢34 03 077 034 175

considered as being between a 66% decrease and a 75%
increase. (See Table 8.)

As a first conclusion, this result does not allow re-
jection of the Hy-hypothesis expressing equality of
means of kinetic energy. This result is identical to that
of the NHRE (Crow et al., 1979), concluding the lack
of evidence of an effect. Thus, it is not possible to show
a seeding effect on hail kinetic energy for the Soviet
method used in a routine way in Switzerland. More-
over, with a = 0.05 (type I error) and 8 = 0.2 (type II
error) we can say that the Soviet method does not re-
duce hail kinetic energy by 70% or more. The small
number of cells considered does not allow the detection
of a lower effect level with the test used. This can be
explained in part by a lower climatological frequency
of hail and in part by a variance of the test variable
higher than anticipated. However, we observe a non-
significant decreasing trend (5 = 0.77) in Grossversuch
IV rather than an increasing trend (5 = 2.45) in NHRE,
along with a much narrower 90% interval [0.34, 1.75]
compared to [0.64, 9.41].

3) MANN-WHITNEY TEST

The Mann-Whitney test makes no assumption
about the probability distribution of kinetic energy
values. It does not allow rejection of the Hy-hypothesis
with a P-value equal to 0.49. This is in agreement with
the previous results; one cannot detect a significant
effect on the observed sample.

4) TEST OF SEEDING EFFECT ON THE DAILY CU-
MULATED HAIL KINETIC ENERGY (31 no-seed, 26
seed hail days)

If we assume that there is no complete independence
of the cells during one day, a comparison of the dis-

tributions of the test variable can be carried out
by cumulating the data daily in the (¢, + 5 min) to
(t;+ 20 min) time interval of each cell. Thus, the sample
is reduced to 31 no-seed and 26 seed hail days.

The tendency for decreased mean logarithmic kinetic
energy values remains (p = 0.59) without becoming
significant (P = 0.32 for the t-test and 0.35 for the
Mann-Whitney test). The 90% confidence interval for
p is [0.24, 1.43). (See Table 9.) With daily cumulated
values, it is not possible to obtain statistical evidence
of an effect of storm seeding because the true effect lies
between a 76% decrease and a 43% increase.

¢. Cla)-test with zero and nonzero cases

Previously, we examined separately the seeding effect
on the frequency of cells without hail (zero cases) and
on the values of kinetic energy of cells with hail. It
woulid be interesting, from a consumer point of view,
to address the question of the seeding effect on the
average of kinetic energy of all experimental cells with
and without hail. Neyman and Scott (1967) proposed
the C(«)-test with three successive criteria to take into
account a possible combined seeding effect on the fre-
quency of zero cases and on the amount of hail. The
Z, and Z, criteria test, respectively, the H, and H,
hypotheses that seeding 1) does not affect the frequency
of cells and 2) does not affect the amount of hail. The
Z; criterion is a linear combination of Z; and Z, used
to test the hypothesis that seeding does not affect the
test variable averaged over all experimental cells (zero
and nonzero cases). Here Z, is the x*-test statistic on
a 2 X 2 table with Yate’s correction. When evaluating
Z, and Z; it is assumed that the test variable is gamma
distributed. The test statistic

TABLE 9. Results of tests with logarithmic values of daily cumulated
hail kinetic energy (logEg). The P-values are given for two-tailed tests.

Test
Lognormal Mann-
distribution Whitney t 90%
Rfmdom- No. confidence
ization days logEg doax 5% level U P t P P limits for p
Seed 26 252+ 1.0 0.08 yes
No-seed 31 275+ 0.71 0.07 yes 0.95 0.35 1.01 0.32 0.59 0.24 1.43
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must be compared with a percentage point of the stan-
dard normal distribution, where Fg, and Eg, are the
mean values of kinetic energy for seed and no-seed
cases and v is the maximum likelihood estimator of v
from the combined sample (no-seed and seed). An it-
erative procedure given by Mielke (1976) allows the
determination of 4. Here

Z; - (17)

. _Ea
p=%-

EGl

is the ratio of the mean of nonzero seed cases to the
mean of nonzero no-seed cases.
The parameter

n'l + n2\"?
N —— Z
x(‘y nl + n2) t4

n'l + n'2\'?
1+ —m—
( ‘ynl+n2)

(where n'l and n"2 are the numbers of zero cases, no-
seed and seed, respectively) must also be compared to
the percentage point of the standard normal distribu-
tion and, in this case, the ratio p is evaluated on nonzero
and zero cases pooled together. The three tests result
(with two-tailed P-values of 0.6, 0.203 and 0.15) in
rejecting the hypothesis of a seeding effect respectively
on frequency of cells, kinetic energy for cells with hail,
and kinetic energy for all experimental cells (see Table
10) in spite of 5 values greater than one (5 = 1.55 and
1.69). Thus, including zero cases and assuming gamma
distribution for kinetic energy values, the C{a)-test leads
to the same conclusion as the confirmatory analysis.
One cannot detect a seeding effect on our sample.

(18)

Zg=

(19)

d. Tests of seeding effect with secondary response vari-
ables

This evaluation of seeding effect on several secondary
response variables is intended to complete the confir-
matory evaluation as in NHRE (Crow et al., 1979).
The following seven variables are compared (see Table
1, list of symbols): three global measurements (Mg,
Ng, S¢) and four maximum measurements (D,
ETmaxs M’l‘max, NTmax)-
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1) THE {-TEST AND MANN-WHITNEY TEST

Since the empirical distributions of the two variables
S¢ and Nmax could not be considered lognormal, only
the Mann-Whitney test was used for these cases. For
S¢ (area of hailfall) a nonsignificant trend to increase
(» = 1.32, P = 0.32) was noted, as was also the case
for Dyax, the maximum diameter of the hailstones
(p = 1.04, P = 0.64 for the t-test and P = 0.81 for the
Mann-Whitney test). The other variables show non-
significant decreases. (See Table 11.)

For all the secondary response variables, the P-values
are greater than 0.10 and the hypothesis of equality of
the distributions cannot be rejected for either the global
variables or the maximum intensities. It is, however,
interesting to note on one hand a trend to an increase
for the area S; and on the other hand a trend to a
decrease for the parameters Mg, Ng, Etmax, MTmax and
Nrmax measured independently of S;. An exploratory
analysis with two simultaneous response variables will
endeavor to confirm or invalidate this suggested effect.
(See section 5.)

For the sample of cumulated values per hail day (see
Table 12) we again cannot reject the hypothesis of
equality of the distribution means, except for Nymax.
The nonsignificant trend to increase is sustained for
the area (5 = 1.15) and for the maximum diameter
(p = 1.01), whereas for all other variables the trend is
to decrease. The P-values always remain greater than
0.10, except for Ntmax Where P = 0.04.

2) C(a)TEST

Among the seven secondary response variables, Sg
and M cannot be fit by a I'-distribution (Table 13).
Therefore, the P-value of 0.029 for S; must be inter-
preted with caution. For the other variables such a fit
was possible, but the P-values (=0.17) do not reveal a
seeding effect. The ratio of mean values remain greatest
for S¢ (p = 1.65 and 1.80) and smallest for Nymax
{(p = 0.73 and 0.79). -

e. Conclusions

Several tests were applied to hailpad data, but the
t-test with kinetic energy values is the confirmatory
test. The main results are

TABLE 10. Results of the ((a)-test. Effect of seeding on frequency of cells, kinetic energy (Eg)
for cells with hail, and kinetic energy for all experimental cells (zero and nonzero cases).

No. cells Frequency Nonzero* Zero and nonzero
Random- - _ .
ization Zero Nonzero Effect P Eg p Z, P Eg p Z, P
Seed 36 47 1282 717
No-seed 60 62 +9% 0.60 826 1.55 1.27 0.20 424 1.69 1.43 0.15

* 90% confidence limits for p, 0.95, 3.30.
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TABLE 11. Test of seeding effect with the secondary response variables of 47
seed (S) and 62 no-seed (N) cells. The P-values are given for two-tailed tests.

Test
Lognormal
Secondary distribution Mann-Whitney t
response Random- 90% confidence
variable ization Aenax 5% level U P t P b limits for p
S 0.08 . yes
log Mg S 008 v 0.76 0.44 0.61 0.54 0.75 0.35 1.66
log Ng H s v 0.87 0.39 0.71 0.48 0.73 0.35 1.55
log S i > no 10 032  — - T S -
108 Dnex S s e 024 081 047 064 104 092 L9
S 0.10 yes
108 Ermas N 005 i 1.08 0.28 1.05 0.30 0.65 0.32 1.29
108 Mo fv g'i { ves 1.14 0.25 121 0.23 0.62 0.33 1.22
108 Nimas 5 o ves 153 013 — — 0y — —

1) Cloud seeding by the Soviet method used oper-
ationally in central Switzerland did not lead to a sig-
nificant reduction of the frequency number of hail cells
(P = 0.60; x* with Yate’s correction).

2) The confirmatory evaluation for cells with hail
shows no significant trend either to increase or to de-
crease the values of the test variable (hail kinetic en-
ergy). This result is obtained with a t-test: P-value of

0.59. (The use of the Mann-Whitney test without any
hypothesis on the distribution function of data leads
to the same result.) The t-test is associated with very
wide confidence intervals, probably due to the small
number of hail-producing cells considered (62 no-seed
and 47 seed). At the 10% significance level the effect
could vary between a 66% decrease and a 75% increase.

3) The very positive results announced in the Soviet

TABLE 12. Test of seeding effect with the daily cumulated values of the secondary response variables
for 26 seed (S) and 31 no-seed (N) days. The P-values are given for two-tailed tests.

Test
Lognormal
Secondary distribution Mann-Whitney t
response Random- 90% confidence
variable ization Amax 5% level U P t P o limits for p
log Mg s 0.07 yes
N 0.06 ves 1.06 0.29 1.09 0.28 0.58 0.25 1.33
log N, S 0.07 yes
N 0.06 ves 1.15 0.25 1.24 0.22 0.56 0.23 1.22
log S S 0.11 yes
N 0.10 yes 0.22 0.82 0.46 0.65 1.15 0.70 1.89
log Diyex S 0.14 yes
N 0.08 ves 0.10 0.92 0.09 0.93 1.01 0.86 1.22
log Ermax S 0.11 yes
N 0.08 ves 1.12 0.26 1.38 0.17 0.55 0.27 1.12
IOg MTmnx S 0.12 yes
N 0.08 ves 1.20 0.23 1.58 0.11 0.53 0.28 1.04
IOE NTmnx S 0.11 yes
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TABLE 13. Results of the C(a)-test with secondary response variables for cells with hail
(47 seed and 62 no-seed) and for all experimental cells (83 seed and 122 no-seed).

Zero and nonzero

I'-distribution Frequency Nonzero cases cases
Secondary response
variable Anax 5% level Effect P b P p P
Mg 0.11 . no 1.49 0.23 1.63 0.17
Ng 0.09 yes 1.36 » 033 1.48 0.24
Se 0.17 no 1.65 0.023 1.80 0.029
Dyax 0.09 yes 9% 0.60 1.05 0.50 1.15 0.39
Eqpax 0.07 yes 0.94 0.84 1.03 0.86
Miymax 0.06 yes 0.86 0.58 0.93 0.92
Nrmax 0.07 yes 0.73 0.23 0.79 0.85

Union do not seem to be confirmed. A 70% decrease
of hail kinetic energy (o = 0.05, 8 = 0.2) cannot be
supported here.

4) One confirmatory evaluation based on radar and
another on hailpad data agree in detecting no significant
effect on the kinetic energy of hail. This agreement is
an important point to acknowledge. However, they dif-
fer with respect to estimated values of the geometric

means [exp(A/ry) = 2.5 by radar and p = 0.77 by hail-
pads]. :

5) The C(a)-test does not show any effect of seeding
on all experimental cells (zero and nonzero combined).

6) We can add evaluations with seven secondary
response variables to these results. Statistical tests, ap-
plied either to global intensity or to maximum point
intensity variables, show no significant effect in in-
creasing or decreasing the value of hailstone number,
mass or diameter, and area of hailfall—except one case
with cumulative values of Nt... Note, however, that
the seed/no-seed ratios of geometric means of the hailed
area Sg and the diameter Dp,x for cells with hail are
greater than 1.0 (1.32 and 1.04, respectively), whereas
for the other five variables (Mg, NG, Mrmax, N1max»
Emax) the ratios are less than 1.0.

5. Further exploratory analysis with hailpad data

This analysis should help to determine a possible
effect of storm seeding in particular cases (according
to storm type or meteorological situation) or under
special conditions (other test variables, other types of
test). Examination of a possible physical effect is in-
volved rather than testing the overall effectiveness of
the method used in an operational manner. We there-
fore move from the operational feasibility aspects of
the technique to a more physical objective.

Exploratory analyses often take a more detailed na-
ture following the experiment, resulting from the ac-
quired knowledge and the problems encountered; they
provide additional information for understanding the
experiment. However, we cannot forget that statisti-
cians do not agree on the importance of exploratory
analysis in the elicitation of results (Bradley, 1980;
Court, 1980; Gabriel, 1980).

Three exploratory investigations are considered in
the following. One is concerned with testing the dis-
tribution of the various response variables over four
new time intervals between (¢, + 5 min) and (¢ + 20
min). Indeed, the initial choice of 5 min after #, and
of 20 min after ¢,could appear arbitrary. Changing the
time interval permits one to test the temporal stability
of the results. The second evaluation is concerned with
the use of a meteorological predictor in testing the effect
on kinetic energy. In an analogy with the use of a pre-
dictor in the test based on radar data, we introduce a
meteorological predictor of hail kinetic energy able to
improve the results. The third investigation is con-
cerned with a test based on mean intensity variables
considering two variables simultaneously (£ and Sg,
Mg and S, Ng and Sg), both representative of hail
phenomena (Mezeix and Chassany, 1983).

a. Comparison of test variables over various time in-
tervals

Two complementary objectives of these comparisons
are to test the stability of the response of the storm to
seeding and to determine the best time interval during
which silver iodide acts.

In order to investigate the possibility that the reaction
of the silver iodide may be delayed for more than 5
min, separating the time of cloud seeding from the
possible effect on the ground, Mann-Whitney tests
were carried out with the measurements of the hail-
storm response variables over two new time intervals:
(t + 10 min) to (¢, + 20 min) using 52 no-seed and 41
seed cells and (f, + 15 min) to (¢ + 20 min) using 37
no-seed and 32 seed cells with hail. The results for all
variables are listed in Table 14. The hypothesis Hp (no
difference in the seed versus no-seed distributions of
the primary and secondary test variables in the two
new time intervals) cannot be rejected for any of the
response variables, whatever time interval is consid-
ered. The level of significance P is always =0.22. Note
that the value of p draws closer to 1.0 and the level of
significance increases as the time interval is reduced
(except for Dyay)-
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TABLE 14. Two-tailed P-values of the Mann-Whitney test and the ratios of geometric means p (seed (S)/no-seed (N)
with primary (logE) and secondary response variables considered for several different time intervals.

Number of cells

41 S/62 N 41 S/52 N 328/37N 47 §/60 N 47 S/SO9 N
Time interval
(to + S min) (2o + 10 min) (tp + 15 min) (f + 5 min) (to + S min)

Primary or to 10 to to to
secondary (tr+ 20 min) (tr+ 20 min) (¢ + 20 min) (¢, + 15 min) (ty+ 10 min)

response -

variable P P P P ) P p P p P
log E¢ 0.77 0.49 0.84 0.63 0.95 0.79 0.68 0.36 0.66 0.39
log Mg 0.75 0.44 0.82 0.57 0.91 0.64 0.67 0.32 0.65 0.30
log Ng 0.73 0.39 0.77 0.48 0.85 0.56 0.65 0.28 0.64 0.26
log S¢ 1.32 0.32 1.23 0.41 1.17 0.67 1.27 0.42 1.28 0.34
10g Dyax 1.04 0.81 1.05 0.62 1.05 0.73 1.03 0.87 1.02 0.94
108 Egmax 0.65 0.28 0.74 0.49 0.82 0.69 0.58 0.19 0.57 0.17
log Mmax 0.62 0.25 0.71 0.41 0.77 0.59 0.56 0.17 0.55 0.15
108 Nrmax 0.59 0.13 0.65 0.22 0.70 0.30 0.53 0.08 0.52 0.07

Further tests with new time intervals assume that
the final duration of reaction of the silver iodide is
limited to 15 or 10 min after #.. For the eight maximum
point- and global-intensity variables, the hypothesis of
equal distribution means cannot be rejected by the
Mann-Whitney test. Furthermore, a trend towards an
increase in the hailed area and a decrease in Eg, Mg
and Ng (see also Table 14) is still observed.

A modification of the time interval when the silver
iodide could act does not result in changes in the con-
clusion; it shows no significant statistical effect of seed-
ing on the various response variables. We cannot de-
termine a time interval that would improve the fit to
the seeding.

b. Test with hail kinetic energy using a meteorological
predictor

The purpose of a predictor in a hail modification
experiment is to reduce variability and decrease the
sample size necessary for an equally significant statis-
tical result (Flueck and Mielke, 1977). The predictor
is constrained to be independent from any eventual
seeding effect.

A hail kinetic energy predictor has been established
by Mezeix et al. (1980) on a sample of 58 no-seed days
using a stepwise multiple-linear regression with 22 me-
teorological variables. The best regression function
limited to five variables is given by

logEg = 0.0802T max — 0.057 Hsol + 0.0045Ecax

850
+ 0.25 Sh850/500 — 0.15A8', + 6.32 (20)

with a correlation coefficient of r = 0.57; T is the
maximum temperature at the radar site (see Fig. 2),

Hsol the mean relative humidity in the layer ground/
850

850 mb, Ecmax the maximum calculated kinetic energy
of a one-dimensional cloud model, Sh850/500 the
mean wind shear 850/500 mb, A#', the variation in 12
h of the potential pseudoadiabatic temperature of a
wet bulb thermometer.

Equation (20) shows the leading effect of ground
temperature (7Tmax), atmospheric instability (Ecmax)s
wind shear and frontal systems (the negative values of
A#', < —3 correspond to cold fronts) in the develop-
ment of storms. On the other hand, mean relative hu-
midity in the lower layers has a negative sign which
appears paradoxical.

The relationship (20) applied to the sample of 31
no-seed and 26 seed hail days can be used in computing
the deviation € between the measured and estimated
hail kinetic energy in both cases according to Biondini
etal. (1977):

€no-seed = 10gF G measured — logEg, estimated, (21)

(22)

The nonzero value of the mean deviation in the no-
seed sample (Table 15) may be explained by the sample
being different from the one used to establish the re-
lationship. A t-test comparing the distributions of de-
viations rejects the equal-means hypothesis at a very
high statistically significant level (P = 0.015). The val-
ues of ¢; are smaller, which means that for equal esti-
mated values, the measured values are smaller for the
seed cases than for the no-seed cases. Thus, at a very
high level of statistical significance, the use of a me-
teorological predictor of the test variable indicates a
decrease in hail kinetic energy for seeded cells. This
very interesting result is partly explained by the reduc-
tion of the variance with the predictor. However, the
credibility granted to this exploratory result remains
questionable.

€sced = 10gE > measured — logEg, estimated.
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TABLE 15. T-test on e-values with a meteorological predictor:logEg
(measured) minus logE; (estimated) for 26 seed and 31 no-seed days.

Mean Tt P
Esced 037222
€no-send 1.05 + 1.65 247 0.015

¢. Tests with two response variables

Kinetic energy was considered first as representative
of the observations on the storm process. Then we con-
sidered several secondary response variables. None of
these variables alone characterize hailfall in the same
way. Multidimensional analyses (Mezeix and Chas-
sany, 1983) have shown that hail patterns may be in-
terpreted first by a size effect (representing 90% of the
variance) and then by a second minor, but nevertheless
significant, factor (7% of the variance) related to the
shape and spreading of the hail patterns. The three
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controlled, i.e., we are unable to eliminate any possible
effect on the area in order to consider only the possible
effects on the kinetic energy, hailstone number or mass.
We therefore propose to consider pairs of response
variables by using E¢ and the area S, Mg and Sg, Ng
and Sg, respectively. The newly resulting variables E¢
(Eg/Sc), Mg (Mg/Se) and Ng (NG/SG) are three mean
intensity variables.

1) COMPARISON OF EXPERIMENTAL RELATION-
SHIPS BETWEEN NO-SEED AND SEED CASES

The calculation of regression equations between pa-
rameters made it possible to show the organization of
the hail phenomenon with multidimensional expan-
sion characteristics (Mezeix and Doras, 1981). With
the sample of 62 no-seed and 47 seed cells, we estab-

‘lished best-fit relationships (in the form logY = b logX

+ a) between S; and Eg; (Fig. 11), Sg and Mg, and S
and Ng which can be compared:

global intensity variables, energy, mass and number, Seed Equation r
are the most closely related to the first factor and thus

representative of the size effect. The hailed area is more  no logSe: = 0.40 logEg, + 0.351 0.84
representative of the second factor. It appears possible  yes logSg, = 0.37 logEg, + 0.58 0.81
to define each hail pattern in the set of hail patterns no logSes = 0.41 logMg, + 1.09 0.84
by means of two entities: 1) the size (well represented  yes logSs> = 0.38 logMg, + 1.26 0.80
by Eg, Mg or Ng) and 2) the hailed area (Sg). However, no logSg: = 0.43 logNg; — 0.50 0.83
although S is measured in Grossversuch IV, it is not  yes logSs2 = 0.40 logNg, — 0.23 0.80

3 T
+
SEED (+) NO-SEED (o) N

log Eg [106]]

FIG. 11. Regression lines between global kinetic energy (logEg) and area (logS) for
62 no-seed and 47 seed cells in the time interval (¢, + 5 min) to (¢, + 20 min).
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The b; coefficients are very close due to a certain in-
terdependence of the variables Eg, Mg and Ng. A one-
tailed test designed for the comparison of empirical
regression lines (Aivazian, 1978) showed a significant
difference in the Y-intercept (a) for the three relation-
ships (Table 16).

These results are difficult to interpret since each re-
lationship involves two independent variables in terms
of measurement. The seed cases combine both a larger
area effect and a smaller hail production effect (Eg,
Mg, Ng). If we assume that storm seeding cannot mod-
ify the hailed surface area, then the total number of
hailstones, the hailstone mass and hail kinetic energy
are significantly lower in the seeded hailfalls for an
equal surface area. But the hypothesis of an increase
of the area by seeding cannot be excluded.

2) COMPARISON WITH HAIL VARIABLES Eg, Mg
AND Ng

_The mean kinetic energy E (Eg/Sg), the mean mass
Mg (Mg/Sg), and the mean global number Ng (Ng/Sg)
per square meter represent three response variables,
each a function of two others. In the interval (¢, + 5
min) to (¢ + 20 min), the level of significance of the
two-tailed t-test (P = 0.04) and a value of p = 0.55
with a 90% confidence interval excluding 1.0 [0.34,
0.89] lead to the rejection of the hypothesis H, that the
distribution means are equal for Ng. (See Table 17.)
The Mann-Whitney test gives a similar result with a
P-value of 0.05 for Ng. This means that the average
number of hailstones per square meter for the seed
cases is statistically significantly less than for the no-
seed cases. This could result from a larger hailed area
and/or a smaller global number. It is, however, difficult
to distinguish between these two effects.

At this stage of exploratory analysis, the tests com-
bining two hail variables appear to show a difference
in the mean global number of hailstones, indicating a
probable cumulative effect related to increasing area
and decreasing global number. Considering the trend
of the seeded cells towards higher values of hailed area
and lower values of Eg, the hypothesis of a seeding
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TABLE 16. One-tailed test on seed and no-seed regression coeffi-
cients of a linear fit between two response variables (47 seed and 62
no-seed cells with hail).

Relationship b, = b)) P Ha; = ay) P

logSs/logEg 0.58 0.28 3.21 0.001
logSs/logM; 0.54 0.30 3.20 0.001
logSs/logNg 0.44 0.33 3.10 0.001

effect that increases the number of embryos and thereby
decreases their size and energy, resulting in a greater
dispersion by horizontal winds, cannot be excluded.
Such an assumption requires modeling in order to de-
termine its validity and importance. Although it is not
presently possible to give a physical interpretation of
these results in relation to a possible microphysical
modification or to envisage their application to agri-
culture, hope does reappear that research in hail
suppression is not completely closed.

d. Conclusions

Initial exploratory evaluations demonstrate three
points.

1) Changes in the assumed duration of the silver
iodide reaction do not alter the results of the so-called
confirmatory test with kinetic energy or with secondary
response variables. This confirms the validity of the
time interval chosen and also the stability of the results.

2) The use of a meteorological predictor established
with independent data reveals a significant reduction
in the kinetic energy of the hail. The decrease of vari-
ance improves the power of the test.

3) The mean hailstone number per square meter is
statistically significantly lower for the seed cases. This
is an important result since this mean intensity variable
incorporates variables related to both the size effect
(Ng) and a second factor explaining the hailfall area
(Se). In the future the hailed-area variable, which has
always been considered constant in the modification
hypothesis, should be included as a response variable.

TABLE 17. Test of seeding effect on three variables of mean intensity, each a function
of two other test variables, for 47 seed and 62 no-seed cells with hail.

Test
Lognormal Mann-Whitney t
Response distribution —_— 90% confidence
variable 5% level U P t P p limits for p
logEg yes 1.50 0.13 1.66 0.10 0.58 0.33 1.00
logM¢ yes 1.72 0.09 1.81 0.07 0.57 0.33 0.95
logNg yes 1.93 0.05 2.04 0.04 0.55 0.34 0.89
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Other so-called exploratory evaluations will follow to
confirm or invalidate these important physical effects
of hailstorm seeding.

6. Representative draw analysis and additional ex-
ploratory results

The present section encompasses various exploratory
results based on radar data and on the comparison of
hailpad- and radar-derived data. The “representative
draw analysis” presented in section 6a examines
whether or not those variables which cannot be affected
by the seeding procedure coincide for the seed and no-
seed group within statistical variability. If clear differ-
ences of relevant variables had occurred by chance,
this would complicate the interpretation of any differ-
ences in response variables. Another aspect of verifying
assumptions made in earlier sections is the examination
of the hail energy distributions (section 6b). The esti-
mated seeding effect as measured by radar (section 3)
and hailpads (section 4) differs to a remarkable extent.
This fact raises the question of how closely the two
ways of measuring the energy are related (section 6c).
The later sections (6d-h) describe further estimates and
randomization tests of the seeding effect on the ener-

gies.
a. Representative draw analysis

If the randomization scheme in Grossversuch IV
worked well, it would have produced a representative
draw and any “natural bias” between seed and no-seed
samples should have been avoided. A “natural bias”
. means a large difference in a variable which cannot be
influenced by seeding but which has itself an effect on
the response variable. This could affect the outcome
of the experiment in either of two directions: 1) it could
produce an apparent treatment effect although there is
none or 2) it could compensate and thereby mask real
treatment effects. Some important variables are listed
in Table 18. The first group contains variables which
describe a cell up to (f + 5 min), which is assumed to
be the time when the first seeding effect may occur.
Only the first cell of a hail day is considered, since the
following cells of the same day could be affected by the
first cell seeding. The variables R and D are excluded
from the following discussion because of possible seed-
ing effects. The variables in the second group describe
the daily synoptic situation. With the exception of M7,
F! and F/M’, they are determined from radiosonde
data made at noon in Payerne, about 100 km southwest
of the radar site; M’, F/ and F/M' were obtained by
studying weather maps (frontal or air-mass situation)
and PPI films (information' about radar echo move-
ments). If seeding strongly affects the dynamics of a
storm, M’ and F’M could be influenced by seeding.
To investigate this point, cells outside the experimental
area have also been studied. No difference between cells
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inside and outside the experimental area could be es-
tablished with respect to the movement parameter M,
Therefore, it can be assumed that these variables are
also unaffected by seeding.

The differences between the mean values of the vari-
ables for the seed and no-seed groups were investigated
by a x?-test for the indicator variables and by the Wil-
coxon-Mann-Whitney (WMW) rank sum test for the
other parameters. In cases where the WMW test yielded
a two-tailed P-value < 0.2, a randomization test of
location was performed and the result of this test was
then taken as the final P-value. This procedure avoided
the need for the expensive and time consuming ran-
domization test for all variables. It can be seen from
Table 18 that for 5 variables (M?, Hg, Hy, ENGY, SI)
out of 26 the differences are significant at the 5% level.
The remaining 21 variables do not show any statisti-
cally significant difference between the seed and no-
seed ensemble. The significant differences occur in the
group of the 13 daily variables and therefore suggest
some difference between the seed and no-seed days in
terms of environmental parameters. The differences in
ENGY and SI suggest a greater instability on the seed
days and therefore larger values of R and fon seed days
could be possible. The significantly higher 0°C level
(H)p) on seed days implies that these days were consid-
erably warmer, which also. could lead to reinforced
convective activity.

The observed imbalances led to a more detailed in-
vestigation of the differences of the daily variables for
the seed and no-seed groups. The main question is the
extent of the influence of the observed differences on
the main test result. For this purpose, a linear regression
between the variable D (=R — /) and each of the daily
variables (except the indicator variables) was computed,
using all 122 no-seed cells for the period 1977-81. Two
sets of regressions were calculated using first D = R
— f1 and second D = R — f,. (See section 3 and Table
1 for the meaning of f; and f;, respectively.) Considering
D =R — f;, Table 19 shows that 3 (T, WV, BI) out
of the 10 regressions should be investigated in more
detail because the correlation coefficients turned out
to be significantly different from zero. However, the
results of Table 18 show no significant difference be-
tween the seed and no-seed ensembles for these three
daily variables and therefore the possible influence of
this bias is irrelevant. The second set of regressions
with the variable D = R — f; shows an even clearer
picture: no correlation coefficient points toward any
possible influence. Thus it can be concluded that the
statistically significant differences of the daily variables
between the seed and no-seed ensembles found in Table
18 have a negligible influence on the relevant variable
D. This result justifies the use of predictor functions
already proposed and discussed in the design and sim-
plifies the interpretation of the main result of Gross-
versuch IV given in section 3.
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TABLE 18. Basic statistics and test results of variables not influenced by seeding (with the exception of R and D)
from 33 seed (S) and 43 no-seed (V) cells and days, respectively, (1977-81).
Median Mean Standard deviation 2-tailed P-values*
Variable S . N S N S N WMW Rand. x?
First cell of day
In(44 + 1) 2.02 1.72 2.03 1.79 1.38 1.05 0.29
d 0.43 0.37 0.69 0.56 0.87 0.66 0.77
D** -3.07 —1.85 -2.81 -1.67 3.01 2.94 0.13 0.098
E, 0.26 0.30 1.28 0.99 2.22 1.49 0.51 i
h 5.84 5.06 6.06 5.05 2.34 2.58 0.052 0.074
f 2.80 3.15 3.31 3.26 2.84 2.38 0.31
Gy 5.00 4.66 4.30 5.03 5.00 5.61 0.67
G, 1.78 2.75 2.20 3.29 5.01 591 0.40
H, 9.00 - 9.00 9.36 9.12 1.69 1.94 0.62
L 32.90 33.55 31.21 32.00 12.71 13.43 0.70
R** 1.37 2.34 3.25 3.38 3.60 3.24 0.59
1 — — 0.52 0.42 0.51 0.50 ’ 0.55
Ty —41.00 —41.00 —40.80 —40.70 10.51 12.45 0.99
z4 — — 0.76 0.79 0.44 0.41 0.95
Aty 5.00 7.00 9.33 10.47 12.15 14.25 0.82
Daily variables

BI 97.2 97.3 97.14 97.10 1.75 1.06 0.54
ENGY 691 465 735 516 468 412 0.028 0.033
F! — —_ 0.58 0.35 0.50 0.48 0.082
FIM! — - 0.55 0.30 0.51 0.46 . 0.057
Hy 2.41 2.09 2.29 2.02 0.51 0.45 0.007 0.011
H, 3.49 3.24 3.42 3.17 0.46 0.48 0.018 0.028
KI 27.5 29.0 28.38 29.20 3.53 4.35 0.22
M — _— 0.91 0.65 0.29 0.48 0.019
Sh 1.54 1.67 2.13 2.24 2.24 2.87 0.79
S1 -2.49 -1.61 —2.47 —1.59 1.47 1.61 0.034 0.014
Te 7.60 7.70 7.85 7.64 2.66 3.21 0.83
TTI 48.80 49.70 48.89 49.14 293 245 0.50
wvV 9.24 8.94 9.29 8.91 1.51 1.77 - 0.28

* WMW = Wilcoxon-Mann-Whitney rank sum test; Rand = Randomization test of location (difference of means) with 5000 reran-

domizations; x? = Chi-square test, corrected after Yates.

** These two variables may be affected by seeding and will not be used in the representative draw analysis.

TABLE 19. The correlation coefficients for the correlations between
daily variables and the variables D = R — f; and D = R — f;, re-
spectively. Here 122 no-seed cells (1977-81) have been used.

Correlation coefficient

Daily
variable D=R-f D=R-f
BI 0.18* 0.11
ENGY -0.11 -0.12
Hjp 0.10 0.08
H, -0.12 -0.02
KI —-0.09 —-0.03
Sh 0.03 0.15
SI 0.17 0.15
Ts —0.20* -0.12
TTI —0.01 —0.07
wv —0.19* —0.12

* Significantly different from zero at the 5% level.

b. Assessing the distribution of the hail energies

The tests presented in section 4, notably the #- and
C(a)-tests, are based on the assumption that the kinetic
energies follow a lognormal or gamma distribution,
respectively. Both of these distributions are widely used
to model rainfall. Mielke and Johnson (1973) intro-
duced the three-parameter kappa-distribution for rain-
fall data. Crow et al. (1979) found that the three types
of distributions could be fitted to their 33 nonzero daily
hailfall values to give nonsignificant x>-tests. Morgan
et al. (1980) examined hailfall data of seven networks
that have been observed in various countries and dif-
ferent time periods. They only give a variation of em-
pirical cumulative distribution functions for hail mass
values of individual pads, which are not comparable
to the total energy (or mass) values discussed here. The
present data probably form the largest set of hail energy
values ever obtained. The 165 nonzero radar energies
and the 109 nonzero hailpad energies allow us to de-
termine the distribution fairly well.
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The lognormal model can be assessed easily by ap-
plying the standard fitting and testing procedures to
the logarithmized energies. The density of the two-
parameter gamma distribution is

[oT(a)]"'(x/o)*" exp(—x/a), (23)

where a > 0 and ¢ > 0 are called the shape and scale
parameter, respectively, and I' denotes the gamma
function. Maximum likelihood estimates for « and o
are given by the equations

In(a) — %%) = In(X) — In(x), (24)
o = X/a. 25)

(See, for example, Neyman and Scott, 1967.) The
kappa 3 distribution has the density

ao x 6-—1 x afd=—1—1/a
2O e (] e

where 8 is a scale parameter, and « and 0 determine
the shape. If 6 is fixed and equals one, the resulting
family is called the kappa 2 distribution. Maximum
likelihood estimates may be obtained by applying a
general minimization routine (such as ZXMIN of the
subroutine library IMSL). For more details, consult
Mielke and Johnson (1973). .

In order to test the goodness of fit, two x-tests were
performed for each distribution. The class limits for
the first test are the quantiles (or percentage points)
corresponding to 2, 5, 10, 50, 90, 95 and 98%. Since
the tails are examined quite carefully by this choice,
the test is designed to detect long tails (kurtosis) and
skewness; the latter would also lead to high x*-terms
in the two middle classes. The second test uses the
‘percentage values 5, 10, 20, 30,. . . ,90 and 95% and
is more sensitive to local deviations in the body of the
distribution.

The estimated parameters and the test results are
given in Table 20. Figure 12 shows Q-0O-plots (Cham-
bers et al., 1983). (Note that both axes have been plotted
in log scale.) The test results show an acceptable fit
only for the hailpad energy with the kappa 3 distri-
bution. For the radar energies, the lognormal and the
kappa 3 distribution fit better than the other two. The
gamma distribution clearly fits the worst in both cases.

A glance at the Q-Q-plots and a more detailed anal-
ysis of the contributions to the x?-statistic show that
all distributions have longer tails than the data. If the
tails are not examined by the test—more precisely, if
the extreme classes are determined by the 10th and
90th percentage points—the lognormal distribution
provides an acceptable fit (nonsignificant x>-value).
Also, if seed and no-seed cells are examined separately,
the lognormal distribution fits better. This is partly due
to the decrease in sample size. The kappa 3 distribution
fits the worse in these cases.
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In summary, the lognormal distribution seems to
give an acceptable fit, except for the fact that the most
extreme observations seem to have “moved in.” The
kappa 3 distribution does not achieve a clearly better
fit overall, in spite of the increased flexibility of this
family due to the additional parameter. The kappa 2
distribution fits worse than the lognormal. The gamma
distribution is clearly inadequate.

We conclude that ¢-tests for logarithmized values are
more adequate than C(a)-tests for comparing nonzero
hail kinetic energies and that robust versions of the
t-test are not called for since outliers (with respect to
the extremely variable distribution) are not observed;
they may have been suppressed by the measurement
procedure. However, when using the prediction ap-
proach, such a conclusion should be based on an ex-
amination of the conditional distributions, i.e., the re-
siduals.

¢. Correlation between radar- and hailpad-measured
hail kinetic energies

This section gives an overview of how well the hail-
pad and radar measurements of hail kinetic energy are
correlated. Waldvogel et al. (1978) found an excellent
agreement for hail cells with energy values larger than
1 GJ, whereas Waldvogel and Schmid (1983) obtained
an overall correlation coefficient of 0.5 when compar-
ing the log energies and taking into account smaller
cells also. The correlation coeflicient was 0.9 when the
radar measured below the melting level.

The scatterplot in Fig. 13 presents the hail energies
of Grossversuch IV cells. Only the nonzero cases (for
both radar and hailpad) have been considered. The
figure confirms the above mentioned findings. The
agreement is good for the large cells (Eg > 1 GJ),
whereas the differences become large for the smaller
cells. The overall correlation coefficient is 0.54, which
is in good agreement with the Waldvogel and Schmid
(1983) study. When taking the energy values instead
of the logarithms, the overall correlation coefficient in-
creases to 0.82. Recent work continues to study the
problem of how to correct the radar energies by con-
sidering the melting of hailstones and the vertical pro-
files of radar reflectivity (Schmid and Waldvogel, 1983;
Andermatt, 1984). If and how much the agreement is
improved by these corrections has not yet been estab-
lished.

d. The seeding coverage

The Soviet method prescribes that a rocket be
launched every five minutes to a specified point in the
cell as long as the seeding criterion is fulfilled. This
prescription may not always be observed strictly be-
cause of one or more of the following reasons: 1) the
cell was not seeded because another cell was under
treatment at the same time; 2) there were technical
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TABLE 20. Parameter estimates and goodness-of-fit tests of several model distributions applied
to kinetic energy data (S = seed, N = no-seed). Numbers in parentheses are P-values.
EGR
Egr Eg S N S N
Total number of cells 216 205 94 122 83 122
Number of nonzeros 165 109 72 93 47 62
Lognormal distribution
moments of In(E) .
mean 4.20 473 4.62 3.87 4.58 4.84
standard deviation 3.02 2.50 293 3.07 2.60 2.44
skewness 0.051 (.787) —0.300 (.196)  —0.022 (.936) 0.133 (.595) —0.006 (.986) —0.557 (.067)
kurtosis -0.804 (.032) —0.554 (.227)  —0.547 (.328) —0.927 (.061) -0.689 (.312) —0.280 (.641)
Goodness-of-fit tests
x*0 255 (<1079 13.0 (.011) 7.26 (.123) 15.1 (.005) 6.19 (.185) 7.06 (.133)
x® 19.2 (.014) 8.71 (.368) 4.11 (.847) 192 (.014) 2.36 (.968) 8.97 (.345)
Kolmogorov-Smirnow
0.052 0.070 0.056 0.067 0.067 0.105
Gamma distribution
estimated parameters
a = standard error
(@) 0.223 £.019 0.312 +£.033 0.234 + .03 0.219 £ .025 0.272 + .044 0.358 + .051
¢ + standard error
(9) 7639 + 1417 3284 + 665 9394 + 2591 6052 + 1507 4713 = 1522 2311 + 593
Goodness-of-fit tests
D 624 (<1079 18.4 (.001) 302 (<107% 33.0 (<107 18.2 (.001) 8.30 (.081)
X2 625 (<107 183 (.019) 29.0 (.0003) 428 (<107 183 (.019) 13.2  (.106)
‘ Kolmogorov-Smirnow
0.174 0.113 0.209 0.189 0.159 0.101
Kappa 2 distribution
estimated parameters .
a 0.457 0.591 0.485 0.449 0.557 0.637
B 342 83.9 57.8 234 63.8 106
Goodness-of-fit tests
X0 25.3 (<1074 15.1  (.005) 10.75 (.030) 19.4  (.0007) 4.83 (.306) 10.1  (.038)
x¥® 28.6 (.0004) 14.2 . (.076) 13.28 (.103) 21.8 (.0052) 2.57 (.958) 143 (.075)
Kolmogorov-Smirnow
0.060 0.078 0.07 0.071 0.076 0.107
Kappa 3 distribution
estimated parameters
a 0.548 2.00 0.908 0.151 0.89 3.09
B 389 238 94.5 14.4 90.6 406
0 0.865 0.476 0.632 2.63 0.712 0.427
Goodness-of-fit tests
x> 22.1  (.0001) 5.86 (.119) 1.0 (.012) 21.9 (.0001) 6.19 (.103) 3.09 (.377)
@ 25.7  (.0006) 7.97 (.335) 6.47 (.486) 249  (.0008) 1.94 (.963) 3.97 (.784)
Kolmogorov-Smirnow
0.058 0.056 0.050 0.074 0.076 0.064

problems with the rockets (e.g., misfiring, no burning
of the seeding agent); 3) there were logistical problems
(e.g., radar difficulties, communication interruptions
with the launching crews, mishandling, no launching
permission from air traffic control); 4) an addition of
minor delays occurred in each step of the operation.
Most of these errors can be identified. Careful scrutiny

of the logbooks allows us to determine, for each cell,
the “seeding coverage,” defined as the ratio of rockets
launched successfully according to the prescription to
the number required by the prescription. The design
states that the cell with a seeding coverage of less than
one-third would be eliminated from the analysis. As
mentioned in section 3b, it became clear that the seed-
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FIG. 12. Q-Q plots of the lognormal, gamma, kappa 2 and kappa 3 distributions.

ing coverage is related to the size of the cell. Because
a small seeding coverage happens much easier if the
lifetime of a cell is short, such a criterion would elim-
inate more small than large seeded cells (Fig. 14), thus
leading to an artificial increase of the average energy
for seeded cells. Therefore, a test with the remaining
cells would not answer the question of the effectiveness
of the hail prevention method. (For completeness, we
mention that with the insufficiently seeded cells elim-

inated, we obtained Ay = 1.44 and P = 0.071.)

e. Randomization test with hailpad data

In sections 3 and 4, the radar-derived energy values
were used for a highly sophisticated randomization test,
whereas the hailpad data were analyzed by x*- and

10°
SEED + NO-SEED .
1044 y o+
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FIG. 13. The hailpad and radar energies for 49 hailcells
(nonzero cases for both radar and hailpad).

t-tests. It may be of interest to submit the hailpad data
to the alternative procedure described in section 3d.
In search of a predictor function, we resort to the same
radar-derived and daily synoptical predictors. There
are no hailpad data which would be suitable as pre-
dictors. While a predictor function for daily energy
values based on synoptical parameters is discussed in
section 5a, the C,-search procedure for the cell energies
ended up with

fir = 5.01 + 0.786 In(Ass* + 0.1) — 1.04F' M’
+ 0.262H, — 2.68Z%, — 1.09H,
for cells originating in the test area and
fir = —3.33 —2.69T" - 0.166T
+0.67 In(Eo + 0.01) (28)
for penetrating cells. The reduction in variance was
1 — var(D)/var(R) = 23%/.\
The estimated Ay was Ay = —0.0227, corresponding
to a decrease of hailpad energy by 2%. The two-sided

P-value turned out to be 0.95. The results for a ran-
domization test using the raw data, without prediction,

were Ay = —0.186, exp(Ay) = 0.83, P = 0.66. These
results reaffirm the conclusion that no seeding effect
can be demonstrated.

27

f. Disregarding the discriminant function in the test
with radar data

The design for the confirmatory testing procedure
(section 3) included the step of eliminating cells that
were predicted to produce rain only. As reported in
section 3, the discriminant function was fixed on the
basis of preexperimental data and behaved poorly,
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eliminating 44% of the actual (nonzero) hail cells (Table
4). We therefore repeated the test of section 3¢ with all
216 cells, regardless of their discriminant function
value. The results are as follows: The estimated effect

was A/:y = —0.417, corresponding to a reduction of hail
energy by seeding by [1 — exp(—0.417)]100% = 34%
with a rough (classical) confidence interval ranging
from 71% reduction to 74% increase. The two-sided
P-value was 0.22. The dependence on 7z was estimated

by a coefficient of Lf[i= 0.301 and its P-value was 0.09.
It is interesting to note that reintroducing the cells
which were predicted to produce only rain changes the
estimated effect of seeding to a remarkable extent. Al-
though it probably has to be attributed to chance, we
intend to further investigate this point in the future.

g. Analysis with nontransformed parameters

Transformed parameters (logarithm of the global hail
kinetic energy) have been used in the confirmatory
analysis since the data become more symmetrical. To
avoid problems regarding the physical meaning and
usefulness of this transformation the difference between
seed and no-seed cells is investigated in this section by
taking the original energy values, measured by radar
and hailpads, without any transformation.

The response variable is now the global kinetic en-
ergy E per experimental cell. No predictor functions,
concomitant variable or other statistical refinements

will be used. It is clear that because no predictor func-
tion is used (predicting hailfall is still an unsolved task),
the variability of the data is very large. Therefore it is
important to take a powerful test which best suits data
obtained from hailfall measurements. The distribution
of hailfall kinetic energy is very skewed: small hailfalls
are found very often and big events are rare. Neyman
and Scott (1967) believed that the best parametric sta-
tistical test in this respect is an optimal C(a)-test which
they themselves used frequently for analyses with rain-
fall data (e.g., Neyman et al., 1969; and Neyman and
Osborn, 1971). The C(a)-test assumes that the values
of hail kinetic energy are closely approximated by a
gamma distribution. Therefore, the best fitting gamma
distribution is first computed for each dataset, and these
functions are then used for the statistical tests and
comparisons. A further assumption of the procedure
is that the alternative to no effect of cloud seeding is a
multiplicative effect with a constant multiplication
factor—the more severe the storm, the larger the effect.
The distribution should be affected in scale but not in
shape. In section 4c¢ the C(a)-test is already used to test
the distribution of the hailpad data, and some math-
ematical explanations about the test are given there.
The test is significant when the two-tailed probability
Pis <0.05.

Beside the two variables E; and Egr, which have
been used in the confirmatory test, four new variables
will be introduced for comparison. They are E; and
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TABLE 21. Comparison of the seed and no-seed cells using the kinetic hail energy in MJ for different variables £ measured by hailpad
and radar. The number of cells, percentage of zero cases, the average kinetic energy, the ratio seed/no-seed of the kinetic energy, the P-value
of the C(a)-test and the confidence boundaries are given; S = seed, N = no-seed.

Percentage of

Average kinetic

Number of Zero cases energy per cell Two-tailed 90% confidence
cells (all cells) M) Ratio " P-value boundaries (%)*
Response ~ N —

Period variables S N S N S N S/N Cla)-test Lower Upper
1977-81 Pad E; 61 70 47.5 514 480.7 382.1 1.26 0.58 -32 +189
Pad Ep 44 73 54.5 479 703.0 335.7 2.09 0.22 +23 +946
Pad Eg 91 122 48.8 49.2 662.1 420.1 1.58 0.24 -5 +230
Radar Es 94 122 23.4 23.7 34174 2023.8 1.69 0.09 +10 +204
Radar Eg, 94 122 57.4 61.5 1329.2 802.4 1.66 0.24 -13 +255
Radar Egr 94 122 234 23.7 1682.6 1008.6 1.67 0.14 +4 +226
1977-82 Pad Er 57 80 54.4 51.3 1350.7 308.6 4.38 0.016 +148 +1586
Radar Es 113 140 23.0 27.1 37354 1772.6 2.11 0.013 . +33 +248
Radar Eg, 113 140 58.4 64.3 1555.6 670.0 2.22 - 0.058 +12 +327
Radar Egr 113 140 23.0 27.1 1908.8 881.1 2.17 0.019 +31 +286

* The effect is calculated for nonzero cases only.

Eg, the global kinetic energy values derived from the
Italian or the French hailpad network, and Es¢ and
E,, the radar-derived kinetic energies of a hail cell
using the cutting method (Waldvogel et al., 1978) in-
stead of the gradual method (EgR). All six variables are
tested for the period 1977-81 but only four of them
(Er, Esg, Eg,, Egg) could be analyzed for the 6-year
period 1977-82 because the Italian network® was no
longer in operation in 1982. In the present evaluation,
the number of seed cells for Eg is 91 instead of the 83
used in section 4. The eight seed cells without seeding
(see Table 6) are taken into account so the results can
be better compared with the radar-derived variables
for which we have used all experimental cells.

Table 21 shows the results of the two tests applied
on the different response variables E. For each variable
and period, the number, the percentage of zero cases
and the average kinetic energy of the seed and no-seed
cells, the ratio (seed/no-seed), the P-value of the C(«)-
test and the 90% boundaries are given.

For the period 1977-81, none of the variables £
shows a significant effect, but all of them give a ratio
higher than 1.0, meaning that on seed days, on the
average, more hail kinetic energy was measured by both
radar and hailpads. Eg and Egg, as used in the confir-
matory test, show good agreement in the ratio (~1.6),
in the P-values and in the confidence boundaries, al-
though E; involved many more zero cases. The obvious
disagreement between Egg and E; in the average ki-
netic energy is due to the fact that Eggr is measured
until (¢4 + 20 min); at that time, the cell can already
be outside of the hailpad networks which have mea-

3 In 1982, the Italian group was operating the French hailpad net-
work.

sured Eg. This point will be examined further. Com-
paring only the two variables E; and Er, derived from
the southwestern and the northeastern network, re-
spectively, one can see that the ratio for the south-
western (Italian) network is lower (1.26) than the
French counterpart (2.09). This point should also be
investigated further. The number of cells with zero ki-
netic energy is rather large in both subnetworks. The
three radar variables Esq, Es; and Egg show the same
ratio and comparable P-values and confidence inter-
vals.

For the period 1977-82, all four variables show an
increased seed/no-seed ratio and P-values that indicate
a significant—or an almost significant—effect. To-il-
lustrate what changed the ratio between the seed and
no-seed ensembles so drastically, two back-to-back
stem and leaf diagrams for Erand Egz have been drawn
in Fig. 15. They represent the distributions of the ki-
netic energy for the period 1977-81; the cases for 1982
are also given separately. The kinetic energy is given
for each case only for storms = 1 GJ, whereas for storms
< 1 GJ the numbers of cases for E = 0 and 0 < FE
< 1.0 GJ are indicated. Because the contribution of
the cells below 1 GJ to the total energy is quite small,
it is not necessary to know the exact values for this
presentation. Figure 15 clearly shows that two addi-
tional strong seeded cells (15 July 1982/cell 1452 and
16 July 1982/cell 1814) in the prolonged experiment
influenced the result of the confirmatory period
strongly. No no-seed cell above 1 GJ was measured in
1982, hence the seed/no-seed ratio increased consid-
erably and still in the “wrong” direction.

In summary, for the confirmatory 5-year period
1977-81, no significant difference, especially a reduc-
tion in hail kinetic energy on seed days, has been es-
tablished. The observed ratios are higher than 1.0,
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no-seed EF (GJ) seed no-seed EGR(GJ) seed
1982 1977-81 1982 1982 1977-81 1982
* 6 35 0] 24 7 * 9 29 0] 22 4
** ] 33 0| 14 3 ** 9 75 | 0] 57 11
54 1] 12 6 94421 1] 13 1
90 2] 5 2 2| 248 0

3 33 311
41 0 S 4
5 300 519
6 52 6{ 7
71 5 7
8 8
4 9 0 9
10 10 38
11 11
12 12
13] 2 13
14 8 {14
15 15
16 16| 2 3
17 8 |17] 7 (82~7-16)
18 0 18
19 (82-7-16) 19] 8
20 20
21 21
22 221
23 23
24 7 124
25 25
26 2 26
27 (82-7-15) 271} 8
L_‘ 28\/
* Number of cells E = 0 37 6
** Number of cells 0 < E < 1.0 38 (82-7-15)

FIG. 15. Back-to-back stem and leaf diagram of the response variable Erand Egg for the period
1977-81 and separately, for comparison, on the left and right side of the main diagram (1977-
81), the cases for 1982. The kinetic energy is given only for storms >1 GJ, whereas for storms
< 1 GJ the number of cases with E = 0 and 0 < E < 1.0 GJ is indicated. The stem values are in
GJ and the leaves are multiples of 0.1 GJ. [E.g., The heaviest hail cell, measured by radar (Egg),

received 37.6 GJ in hail kinetic energy.]

pointing in the direction of a “wrong” effect (increase
in hail). For the period 1977-82, a significant increase
for Er, Esq and Egg has been found. Two heavier cases
in 1982 greatly influenced the significance of the result.
The conclusion is the same as in the confirmatory
analysis: operational seeding according to the Soviet
method described in the design does not reduce the
hail kinetic energy; on the contrary. the tendency is
toward an increase on seed days and this is true for
radar-derived as well as hailpad-derived energy values.

h. Another estimate of the seeding effect

According to section 6b, a useful description of the
energy values is in terms of a mixture of a fraction p
of observations following a lognormal distribution and
a fraction (1 — p) of zero cases. The three parameters

of this model, p, u and ¢°, are best estimated by the
empirical fraction p of nonzero values and the mean
4 and empirical variance s* of their logarithms. The
expectation of this distribution (in raw scale) is p
X exp(p + ¢%/2) and can be estimated in the obvious
way. This ratio of estimated expectations for seed and
no-seed cells is

Bs jis-imgGa-stn
PN
_ {1.01 X 2.13 X 0.65 = 1.40 for radar energies
1.01 X 0.77 X 1.47 = 1.14 for hailpad energies.
(29)

Note that the second factor for hailpad energies is equal
to the effect as estimated in section 4. The third factor

b:
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reflects the fact that the estimated variance of the log-
arithmized energies is different for seed and no-seed
cells. Since the Levene test shows that the ratio of the
variances is not significant and is of opposite direction
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for radar and hailpad energies, this difference should
be attributed to chance. Incidentally, it diminishes the
discrepancy between the seeding effects estimated by
hailpad and radar energies.

TABLE 22. Summary of statistical tests on seeding effects in Grossversuch IV.

Response . P-
Analysis type Expt. subunit Data variable Test Predictor p value Reference*
confirm. according cellexcl. d < .4 radar In(Ege + 1) random from prelim. 2,53 0.16 Table 5
to design data
alternative cell radar In(Ege + 1) random from GVIV 1.46 0.22 Table 5
. data
confirm. cellexcl. Eg=0 hailpad log(Eg) t none 0.77 0.59 Table 8
WMW 0.49 section 4
explo.t day hailpad log(Eg) t none 0.59 0.32 Table 9
WMW 0.35 section 4
explo. cellexcl. Eg =0 hailpad E¢ o) none 1.55 0.20 Table 10
explo. : cell hailpad  Eg Aa) none 1.69 0.15 Table 10
explo. : . cell, day hailpad secondary t, WMW none 0.49 Tables 11-14
variables Ca) 1.80
day hailpad log(Eg) t meteor. 0.24 0.015 Table 15
explo. variables
explo. : cell hailpad log(?:‘_:;) t . none 0.58 0.10 Table 17
log(Mo) 0.57 0.07
log(Ng) 0.55 0.04
explo. cell radar Egr Cla) none 1.67 0.14 Table 21
explo. cell hailpad  Eg Cla) none Table 21
French 2.09 0.22
Italian 1.26 0.58
explo. cell 1977-82 radar ) Egr Ca) none 2.17 0.019 Table 21
explo. cell 1977-82 hailpad Eg Cla) none Table 21
French 4.38 0.016
explo. cell radar In(Egr + 1) random none 2.15 0.12 section 6
explo. cell radar In(Egr + 1) random from prelim. 0.66 0.22 section 6
data
explo. cell hailpad In(Eg + 1) random none 0.83 0.66 section 6
explo. cell hailpad In(Eg + 1) random from GVIV 0.98 0.95 section 6
data
target-control area day radar Egg double random control area 1.50 0.67 Klein (1982)
design ratio values
range effects cell in range radar In(Egg + 1) WMW none Andermatt
10-25 km <1 0.69 (1984)
25-40 km >1 0.002
40-55 km <1 0.81
explo. rain . day rain rain ) none 0.98 0.92 Schiesser
gages amount (1985)
gradient study single contour radar horiz. t none 0.98 0.42 Schmid et al.
. reflect. (1984)
gradient

* References to tables and sections refer to this report.
t Explo. denotes exploratory.
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7. Discussion and conclusions

The randomized hail suppression experiment
Grossversuch IV was designed to test the Soviet cloud-
seeding method, which is based on the concept of ben-
eficial competition of hailstone embryos. The conduct
of the 5-year (1977-81) experiment was an exact copy
of the Soviet hail-suppression operation, using Soviet
rockets and launchers and the same seeding criterion.
Hail was measured by a dense hailpad network and by
a carefully calibrated 10-cm radar. A day-by-day ran-
domization scheme was chosen, and a cell was defined
as the experimental subunit. Hail kinetic energy was
selected as the primary response variable. The design
of the confirmatory evaluation was published at the
beginning of the experiment (Federer et al., 1978/79).

A list of the main results of the experiment is pre-
sented in this paper and summarized in Table 22. The
confirmatory test based on radar measurements (see
section 3) and the x?- and t-test based on hailpad data
that are also considered to be confirmatory (see section
4) all furnish the same result: no statistically significant
seeding effect on hail kinetic energy. The same result
is found by most of the exploratory tests. Some of them,
however, give P-values below the 5% level:

(i) the test on hailpad data using a meteorological
predictor (favorable seeding effect);

(ii) the C(a)-tests including data of the additional
year, 1982 (unfavorable seeding effect);

(iii) the test on log(Ng) with hailpad data (favorable
seeding effect),

(iv) the test on In(Egg + 1) using cells within a dis-
tance of 25-40 km from the radar site (unfavorable
seeding effect).

It is not possible at the present time to assess the value
of these significant results. They may easily be attrib-
uted to the multiplicity effect (which means that some
out of a number of tests turn out significant by pure
chance), but seeding influences are also a possible ex-
planation. Further analyses will be necessary to clarify
these results.

Generally, the data show the following trend: taking
the logarithms of hail kinetic energy, one finds a ten-
dency for smaller hailpad-measured seeded values
(compared to the unseeded values) whereas the con-
trary is found from the radar data. Therefore, the most
favorable possible seeding effect is different for the two
datasets. A reduction of more than 30% in hail kinetic
energy is rejected at the test level of 5% when using the
confirmatory (or the alternative) test with radar data.
(See Table 5.) The test with the hailpad data gives a
more favorable limit; only a reduction of more than
66% in hail kinetic energy is rejected at a level of 10%.
(See Table 8.) The corresponding limits in the opposite
direction are an increase of 159% (alternative test with
radar data) and 75% (hailpad data), respectively.

The discrepancy between the radar and hailpad data
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disappears when using the energy values instead of their
logarithms. The most favorable possible seeding effect
is of the order of 0% for both data sets [C(a)-test applied
to Eg and Egg; see Table 22). Thus, any reduction in
kinetic energy is rejected at a nominal level of 10%
using this kind of evaluation.

In summary, the Soviet hail-suppression method was
not as effective in central Switzerland as claimed by
the Soviet scientists. On the contrary, a majority of the
evaluations suggest some trend to larger seeded-hail
energy and larger seeded-hail area values, a result which
is strikingly similar to the outcome of the NHRE ex-
periment (Knight et al., 1979). Note that the confidence
intervals of the statistical tests used in Grossversuch
IV are generally narrower than in NHRE, which is due
to the larger data sample. It is evident, however, that
the statistical outcome of a randomized, multi-year
weather-modification experiment is not convincing
without physical support. Therefore, a major effort was
undertaken to examine the existence of the so-called
“big drop zone” (BDZ), which is a necessary condition
for the effectiveness of the beneficial competition con-
cept. In 1982 and 1983, the T-28 armoured airplane
was flown through medium and smail hail cells in
search of large supercooled raindrops. Only an ex-
tremely few were found (Smith et al., 1984); thus the
basic assumption of the Soviet hail-suppression method
was not fulfilled. The question remains open for very
large hail cells. The hailstones coming from such cells
often have frozen drop embryos (Federer and Wald-
vogel, 1978) whose origin is still unclear at the present
stage of our knowledge.

What should be done in the future? First, the authors
hope that the results presented in this paper encourage
further investigations on Grossversuch IV. Second, fu-
ture cloud-seeding experiments should investigate
seeding effects at the time and location of the distrib-
uted seeding material by means of in-situ measure-
ments and remote sensing technology. Such field pro-
grams were recently successful in detecting significantly
larger ice particle amounts in seeded clouds (Sax et al.,
1979; Isaac et al., 1982). Extension of such experiments
to hail clouds should help (a) to close the missing links
in our knowledge between cloud formation and hailfall
at the ground, and (b) to work out new and more suc-
cessful hail suppression concepts.
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