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Abstract. Two numerical cloud seeding experiments, using historic rainfall for the
Deccan plateau region in Maharashtra state, were performed adopting different simu-
lation techniques. The data used consisted of 1-day total rainfall for the 5S-year
pgriodedl951-55. A double-area cross-over design with area randomisation was
adopted.

The first experiment, EXP-TR, was based on the simulation technique of Twomey
and Robertson which involves about 100 hr of Robotron EC-1040 computer time.
The second experiment, EXP-MMM was based on a different simulation technique
proposed in the present study.

The results of EXP-TR and EXP-MMM have shown close agreement. The numeri-
cal simulation technique of EXP-MMM is more promising for the following two
reasons: (i) the computational time is reduced by about an order of magnitude with-
out compromising the scientific value of the results, and (ii) a direct estimate of the
!ov;er limit of the double ratio value which can be detected at 5% level of significance
is defined.

The 'results of the two numerical experiments suggested that, for the Deccan

S

plateau region, 15 and 20% increases in rainfall due to seeding could be detected
with 809 or more probability in 5 years.

Keywords. Cloud seeding experiment; numerical simulation; random seeding
sequence; double-area cross over design; area randomisations.

1. Introduction

The chances of detecting prescribed increases in rainfall due to seeding with a specified
degree of confidence can be investigated by numerically simulating the cloud seeding
experiments using the historic rainfall data. Such numerical experiments require
a great deal of computer time even with the use of high-speed modern computers.

Numerical experiments for selected areas in Australia were reported (Twomey and
Robertson 1973; Smith and Shaw 1976). In the numerical simulation technique of
Twomey and Robertson an experiment was judged a success if the increase detected
was significant at the specified significance level and was between 0-5 and 1-5 times
the mean increase for the hypothesised random seeding effect. This arbitrary
condition used for detecting the seeding effect is not satisfactory (Das 1976).

A randomised aircraft cloud seeding experiment with a double area cross-over
design and area randomisation has been in progress since 1973 in the semi-arid region
of the Deccan plateau (Krishna et al 1976). The experiment was conducted during
the summer monsoon seasons of 1973, 1974 and 1976 on 39 pairs of days. The
rainfall analysis did not indicate statistically significant results.
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For evaluating the length of the above cloud seeding experiment for detecting
rainfall changes due to seeding with a specific degree of confidence, two numerical
experiments were undertaken using the historic rainfall data for the period 195-155.
The first numerical experiment, EXP-TR, is based on the numerical technique of
Twomey and Robertson (1973). The second experiment, EXP-MMM, is based
on a different technique proposed in the present study. EXP-MMM reduces compu-
tational time by about an order of magnitude. Also, EXP-MMM defines the lower
limit of the double ratio value for the detection of the seeding effect at the 59 level
of significance. The details of the experiment and the results are presented below.

2. Area and the raingauge network

The area and the raingauge network are shown in figure 1. Daily total rainfall data
obtained from the records of the India Meteorological Department for 32 raingauge
stations were used in the study.

The total area is divided into two sectors, Area A and Area B, with 16 raingauges
in each sector. The representative area considered for each raingauge is also shown
in the figure. The area-weighted rainfall of the two areas (A and B) were computed
and used in the study. The area of the numerical experiment includes the area of
the aircraft cloud seeding experiment (Krishna et al 1976).

The density of the raingauge network in the area of the numerical experiment is
sparse compared to that in the area of the aircraft cloud seeding experiment (Krishna
et al 1976). However, this limitation may not affect the results of the present study
since the results of a similar numerical experiment in the Western Victoria, Australia,
suggested that there will not be much to be gained in increasing the density of rain-
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Figare 1. Area of the numerical experiment and the raingauge network
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gauges beyond 1 gauge per 1000 km? (Smith and Shaw 1976). The optimum density
of raingauges would however be mainly dependent on the spatial varlablhty of rainfall
in the region.

Also, a buffer area was considered in the aircraft cloud seeding expenment whereas
no buffer area was considered in the present numerical experiment.

3. Meteorological conditions .

The area of the numerical experiment is located on the leeside of the western
ghats with an average elevation of 600 m above sea level. The characteristics of
the summer monsoon circulation and monsoon rainfall have been reviewed
(Ananthakrishnan 1977). Some relevant features are mentioned below.

The air flow in the lower troposphere during the summer monsoon (June-
September) is w sterly and large influx of moisture is brought inland from the
Arabian sea. Senoptic and mesoscale disturbances leading to low level convergence
and vertical moytion of the humid air give rise to continuous to intermittent rain
from stratiform clouds. The annual rainfall in the area varies from 30 to 75 cm.
About 75% of the annual rainfall is received during the summer monsoon.

4. Simulation of the cloud seeding experiments

Two numerical experiments, EXP-TR and EXP-MMM were simulated for double-
area crossover design with area randomisation. The experiments were performed
for 5-year duration using the 1-day total rainfall of the summer monsoon (11 June to
30 September) for the period 1951-55. The period 1951-55 was chosen as the daily
rainfall data were readily available for the study. The effect of the possible trends
in rainfall records has not been examined in the present study.

The simulated increases in rainfall due to seeding were 5, 10, 15 and 207,. The
computations were performed using the Robotron EC-1040 computer (equivalent
to IBM 360/44) of the India Meteorological Department. The details of the rainfall
data used and the relevant statistical parameters of the rainfall for the two areas
A and B are given in table 1.

Correlation coefficients between the rainfall of pairs of raingauge stations were
also determined for all possible combinations of 32 raingauge stations in the total
area. In 95% of the total number of pairs of raingauges the rainfall was positively
correlated with significance levels of 5%, or lower.

Table 1. Details of rainfall data used in the numerical experiments

Correlation
Experiment Rainfall Total number Mean rainfall for coefficient
duration period of rainfall each period in mm (r) between the
periods rainfall of Area A
Area Area and area B
A B
5 years 1-day 560 31 33 0-65
(1951-55) ¢n* @4-6)*

*Figures in brackets indicate the standard deviations.
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4.1. Numerical experiment EXP-TR

This experiment consisted of main experiments and sub-experiments. The significance
of the double ratio values of any one main-experiment was determined by performing
100 sub-experiments.

The rainfall for a given area for the prescribed length of time (5 years) constituted
the original data. The process of ‘ seeding ’ an area (A or B) in a particular period
(1-day) consisted in generating random numbers representing the percentage increase
in rainfall at individual stations within the area, and altering the corresponding rainfall
figures accordingly. The methodology is described below.

(i) For each main experiment, a random seeding sequence was generated by taking
a random series consisting of zeros and ones and alternating it with a second series by
changing zeros to ones and ones to zeros. This procedure was adopted for simulating
equal number of seeded and not-seeded periods in the numerical experiments.

(i) Area A or area B was designated as seeded for the kth period according to
whether the kth number in the random seeding sequence generated above was one or
Zero.

(iii) The hypothesised effect of seeding was simulated by altering the seeded area
rainfall by an assigned percentage increase (PERC) according to the random seeding
sequence. The increase in rainfall due to seeding was normally distributed among the
raingauge stations in the area.

(iv) If the seeded area consisted of g raingauge stations, each station was assigned
a random increase in rainfall due to seeding such that the mean increase in the seeded
area rainfall was equal to the assigned hypothesised percentage increase with a stand-
ard deviation of 19,. The standard deviation of 19, was chosen assuming that in the
real experiment the increase in rainfall would be uniform over a large area. This
simple assumption may not hold good in the real experiment.

The change in rainfall due to seeding is estimated by the double ratio (Sg) given
below:

Sg=[(ZA4s/ZBNs) (ZBs/ZANs)]'” )

where the subscript S refers to the seeded rainfall and NS to the not-seeded rainfall
for the two areas 4 and B.

The above procedure was repeated for each main experiment using different
random seeding sequences. The number of main experiments conducted was 25 in
the present case.

4.2. Significance of SE

The significance of the double ratio (Sg) value obtained from each main experiment
was evaluated by performing 100 further sub-experiments. A re-randomisation
scheme was used in the sub-experiments.

4.3. Sub-experiment

For each sub-experiment the rainfall data as modified by the assigned seeding effect
in the main-experiment described in § 4.1 were used. Thus the data sample used in
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the sub-experiments consisted of the rainfalls in not-seeded periods together with the
seeded periods rainfalls as modified by the assigned seeding effects. Using the above
rainfall data and a different random seeding sequence for each sub-experiment, the
double ratio values (Sperc) were computed. The Sperc values corresponding to
the 5, 10, 15 and 209, assigned increases (PERC) in rainfall due to seeding are
designated respectively as S, Sy9, S15 and Sy

4.4. Criteria for significance of SE

The Sperc distribution obtained above was used to evaluate the probability of
occurrence of Sg. The significance of SE is given by the probability of occurrence of
a SpeRrc value equal to Sg. In the case of an increase in rainfall due to seeding (i.e.,
for Sg>1) the significance of SE is given by the total number of cases with SpERC=>SE
in the 100 sub-experiments. Similarly for the case of a decrease in rainfall due to
seeding (i.e. for Sg<1) the significance of Sg is given by the number of cases when
SPERC<SE in the 100 sub-experiments.

The above method of evaluating the significance of Sg does not involve
assumptions about the nature of the distribution of Sprrc (Twomey and Robertson
1973) i.e. whether normal or otherwise.

4.5. Criteria for detection of assigned increase in rainfall due to seeding

Any increase in rainfall due to seeding in the main-experiment is counted as a detection
if the Sk value is significant at 59 level or better. In the present numerical experi-
ment (EXP-TR), 25 values of S were obtained by performing 25 main experiments.
The percentage probability of detection of any assigned increase in rainfall due to
seeding was evaluated from the number of detections in the 25 main experiments.
Ideally 100 main experiments were required for evaluating the exact percentage
probability of detection but the number was restricted to 25 because of the enormous
computer time required. 100 main experiments with 100 sub-experiments for each
main experiment involve about 100 hr of Robotron EC-1040 (equivalent to IBM
360/44) computer time.

5. Frequency distribution of SpErC

The cumulative percentage frequency distribution of Spprc was obtained from the
double ratio values of the sub-experiments of EXP-TR (§ 4.1). The significance of
any SEg value can be obtained from the cumulative percentage frequency of Sperc dis-
tribution at Sperc=SEg. In the case of an increase in rainfall due to seeding, the
cumulative percentage frequency was evaluated starting from the highest value of
Sperc. This cumulative percentage frequency distribution is hereafter designated as
SPERC(MAX)- Similarly in the case of a decrease in rainfall due to seeding, the
cumulative percentage frequency was evaluated starting from the minimum value of
Sperc. This cumulative percentage frequency distribution is hereafter designated
as SPERC(MIN)-
- The details of the double ratio values obtained from the sub-experiments of EXP-
TR are given in table 2. The Spgrc distributions were found to be normal
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Table 2. Statistical parameters of the distributions of the double ratios of the

numerical experiments
Total number .
e Standard Coefficient of Type of
Distribution  of double ~ Mean  geviation ~Skewness  Kurtosis distribution
SN 1000 1-0026 0-0548 0-205 —0-386 Normal
S5 1000 1-0024 0-0549 0199 —0367 Normal
Sio 1000 10025 00554 0194 —0-296 Normal
Sis 1000 1-0026 00564 0-187 —0217 Normal
Sae 1000 10027 00572 0-164 —0119 Normal

1. Standard error for coefficient of skewness = 0-245
2. Standard error for coefficient of kurtosis = 0490

(Chambers 1955). However, the nature of the distribution does not affect the
results as mentioned in § 4.4.

6. Numerical experiment EXP-MMM

EXP-TR as seen above requires a great deal of computer time. A simple numerical
simulation technique which can reduce the computation time by about an order of
magnitude, without compromising the scientific value of the results, has been
developed and tested with the same input historic rainfall data used in EXP-TR.
EXP-MMM enables one to obtain the double ratio values (Sg) of EXP-TR and their
significance directly from the historic rainfall data without the need to perform the
100 subexperiments for each of the main experiment. The details of the experiment
are described below.

6.1. Methodology

For an experiment with a duration of k periods A4;, A;, A3... 4, and B, B,, B;... By
represent the period total rainfalls for the areas 4 and B respectively. For any one
particular random seeding sequence of length k, the double ratio value of SN can be
obtained from the following relation.

SNI(Z4s/Bns) (ZBs/Ans)]2 )

The distribution of SN was obtained starting from the historic rainfall data without
any assigned increase in rainfall due to seeding. In the present numerical experiment
1000 values of SN were obtained using 1000 different random seeding sequences.

From the above distribution of SN the cumulative frequency distributions of
SN(MAX) and SNMIN) were obtained starting respectively from the maximum and
minimum values of SN.

As seen from the following, the significance of Sg values of EXP-TR can be
directly determined using the Sn distribution of EXP-MMM without performing the
sub-experiments as required in the case of EXP-TR.



Cloud seeding experiments 185

A comparison was made between the cumulative percentage frequency distribu-
tions of SN and Spgrc distributions.  For this purpose Chi-square test (Spiegel
1961) was applied to the following distributions:

() Sn(Max) distributions of EXP-MMM and Spgrc (MAX) distribution of
EXP-TR. :

(i) SN MIN) distribution of EXP-MMM and Spgrc (MIN) distribution of
EXP-TR.

The results of the Chi-square test are given in table 3. It is readily seen from the
table that the pairs of distributions at (i) and (ii) above are not statistically different.
The comparison of the above pairs of distributions was made starting from a value
of SN Max) and SN (MIN) for which the cumulative percentage frequency value
was at least 5 since the Chi-square test cannot be applied for smaller frequencies.
This limitation does not alter significantly the percentage probability of detections
(table 5).

The percentage significance of Sg values as obtained from EXP-TR and as
obtained from the Sy distribution of EXP-MMM are shown in figure 2. The values
obtained from the two numerical experiments agree closely, particularly for the
significance level ranging from 59 to 09, which corresponds to the range of signi-
ficance levels considered for detection of Sk values.

From the above statistical analysis it can be readily seen that it is not necessary
to perform the 100 subexperiments required for evaluating the significance of any
one value of Sg of EXP-TR. The significance of Sg value can be directly obtained
from the SN (MAX) distribution for values of Sg>1, and from SN (MIN) distribution
for values of SE<<1. The number of values of Sg<1 significant at 5%, level in 100
main experiments gives the percentage probability of detection for the corresponding
percentage increase inrainfall due to seeding.

*

6.2. Derivation of SE distribution of EXP-TR from the SN distribution of EXP-MMM

The percentage probability of detection may also be evaluated by a further shorter
method as explained below. In this method the Sg values of EXP-TR can be directly
obtained from the SN values of EXP-MMM.

Table 3. Comparison of cumulative percentage frequency distributions of Sn
and SPERC

Comparison of SN(Max) with SPERc(MAX) Comparison of SN (MIN) With S PERC (MIN)

Range of double .
ratio (SN) Chi-square values Chi-square values

SyMAX) Sie(MAX) Sis(MAX) S:(MAX) SiMIN) Sio(MIN) Si(MIN) Sx(MIN)

091 to 100 — - — — 012 0-38 1-02 1-5
10

1-10 to 0-85 0-08 024 0-70 1-44 — — — —
26)

1-10 to 1-00 006 021 059 1-27 — — — —
an

Figures in brackets indicate the number of pairs for which the comparison was made
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Figure 2. Percentage significance of the double ratio (Sy) values obtained from the
numerical experiments EXP-TR and EXP-MMM.

For any one particular random seeding sequence of length k, the value of SN was
obtained from equation (2). The experiment was then repeated with the same
random seeding sequence as above but with the modified rainfall data due to the
assigned increase in rainfall (PERC) due to seeding. The double ratio value was
obtained as explained in the following example.

For the case of a 107, assigned increase in rainfall (PERC) due to seeding the
double ratio can be expressed as

_fanZzdas  (1-1) £ Bg2
SE_[ Thus ZANS]J ' @
Equation (3) can be expressed as
Sg = [11] x [SN]- @
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Similarly for any assigned percentage increase in rainfall (PERC) due to seeding
(4) can be expressed as follows

Sg = [1 + ‘%ﬁ’] x [SN]- ®)

The SE MAX) distribution can be derived from the SN (MAX) distribution using (5).
6.3. Criteria for detection of the assigned increase in rainfall due to seeding

For the case of an increase in rain.all due to seeding (i.e. for Sg> 1) the lowest value
of Sg which can be detected at the 5% level of significance is denoted as Sp. The
value of Sp can be readily obtained from the SN (MAX) distribution. The value of
SN for which the cumulative percentage frequency is 5, will give the value of Sp
(figure 3).

From the Sg(MmAX) distribution the cumulative percentage frequency of SE at
Sg==Sp will give the percentage probability of detection of the assigned percentage
increase (PERC) in rainfall due to seeding.

Thus by adopting the numerical simulation technique of EXP-MMM described
above the computation time required in the case of EXP-TR, can be reduced by about
an order of magnitude, since in the former methodology there is no necessity of per-
forming 10* sub-experiments essential for obtaining the significance of 100 values of
Sk of the main experiments.

7. Comparison of results of EXP-TR and EXP-MMM

The distributions of (i) Sg\ax) obtained from EXP-TR, (ii) SN(M AXy SNMIN) and
S EMAX) obtained from EXP-MMM are shown in figure 3.

The right half of the peaked graph gives the Sy AX) distribution and the left half
of the peaked graph gives the SN(MrN) distribution. The peaked graph is symmetrical
on either side of the cirdinate at S\=1-0. As mentioned in §6-1 the Symax) and
SN(MIN) obtained from EXP-MMM give the significance levels of values of S > 1
and of S < 1 respectively. The crosses represent the significance of Sz values as
obtained from EXP-TR. The SN(M AX) and SN(MIN) curves appear to be a good fit
for the crosses i.e., the significance levels of Sg as obtained from EXP-TR. Since

there is a good fit between the results obtained from the two numerical experiments,
it can be concluded that the significance of Sy values as obtained from EXP-MMM
is not very different from those of EXP-TR.

The S E(MAX) distributions obtained from EXP-TR and EXP-MMM are shown to
the right of each peaked graph in figure 3. Chi-square test (Spiegel 1961) was used
to compare the distributions. The results are given in table 4. Tt 1s readily seen that
the distributions obtained from EXP-TR and EXP-MMM are not significantly
different.

The comparison of the two distributions was made starting from the value of
SEMAX) for which the cumulative percentage frequency value was at least 5 since,
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Table 4. Comparison of SE(M AX) distribution obtained from EXP-TR and EXP-
MMM using Chi-square test

Assigned percentage Range of double Chi-square
increase in rainfall ratio (Sg) values value
due to seeding
5 1-15 to 0-97 11-16
19)
10 1-19 to 1-02 2102
(18)
15 1-24 to 1-06 2002
19)
20 129 to 1-11 25-90
a9

Figures in brackets indicate the number of pairs for which the comparison was made.

Table 5. Percentage number of detections obtained from EXP-TR and EXP-MMM

Assigned percentage Percentage of detections
increase in rainfall
due to seeding/Sp value EXP-TR EXP-MMM  EXP-TR*
5 12 21 22
10 44 55 50
15 80 80 84
20 100 95 100
Sp value — 110 1-10
EXP-TR

The number of detections in this case has been evaluated using the cumulative percentage frequency
distribution of Sg of EXP-TR and the Sg value obtained from EXP-MMM (sce §6.3 of the text
for full explanation). Sp is the lowest value of the double ratio (Sg) which can be detected at 59
level of significance.

the Chi-square test cannot be applied for smaller frequencies. This limitation does
not affect the results, for the percentage probability of detection in the present
experiment is always above this value and is within the range for which the com-
parison has been made.

For the case of an increase in rainfall due to seeding (i.e. for S; > 1), the lowest
value of S which can be counted as a detection (Sp) is also shown in figure 3 by a
dashed vertical line. The S, value as explained in §6-3 is obtained from the value
of SN(M AX) for which cumulative percentage frequency is 5.

The value of S}, can be readily obtained from figure 3, by the ordinate through the
point of intersection of the SN(M Ax) curve with the abscissa corresponding to the
cumulative percentage frequency value of 5. The ordinate and the abscissa cor-
responding to S, are shown by the dashed line in figure 3.

The results obtained from EXP-TR and EXP-MMM are given in table 5. The
percentage probability of detections as obtained from (i) EXP-TR, (ii)) EXP-MMM
using the S, value and (jii) S E(MAX) of EXP-TR and the S, value are also given in
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the table. There is a close agreement between the percentage number of detections
obtained from EXP-MMM and EXP-TR for the 15 and 209 assigned increases in
rainfall due to seeding. However, for the lower percentage assigned increases (5 and
107,) the probabilities of detections as obtained from EXP-TR were less compared
to those obtained from EXP-MMM. The main reasons for the deviations could be
due to the following.

In EXP-TR, the probability of detections in the present numerical experiments
were inferred from 25 main experiments instead of from the ideal number of 100 main
experiments. With this approximation even the small deviations would be magnified
especially when the number of detections were very few as in the case of 5 and 10%,
assigned increases in rainfall due to seeding.

8. Conclusions

The numerical cloud seeding experiments performed adopting two different simula-
tion techniques and using the historic daily total rainfall data for 5-years (1951-55)
for the Deccan plateau region in the Maharashtra State suggested the following.

(i) The numerical simulation technique of EXP-MMM proposed in the present
study is promising for investigating numerically the chances of detecting the pres-
cribed increases in rainfall due to seeding.

(ii) The results of the numerical experiment EXP-MMM agreed closely with the
results of the numerical experiment EXP-TR, conducted using the simulation techni-
que of Twomey and Robertson (1973).

(iii) The numerical simulation technique of EXP-MMM not only reduces the com-
putation time by an order of magnitude but also provides a direct estimate of the
double ratio value which can be detected at 5% level of significance.

(iv) For the Deccan plateau region, 15 and 20 9, increases in rainfall due to seeding
could be detected with 809, and more probability in 5 years duration of the cloud
seeding experiment. For smaller percentage increases in rainfall due to seeding, the
cloud seeding experiments are required to be continued for more number of years.

(v) The results of the present numerical simulation experiments are to be used
with the recognition that the conditions in the real experiment are far from those of
the simulated experiment. However, the study would enable to evaluate the possible
chances of detecting the prescribed increases in rainfall due to seeding with a
specified degree of confidence.
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