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ABSTRACT

A characterization of" unseeded hailstorms and a
comBat=son between seeded and unseeded hailstorms observed
in. the protected area of the Drownce o~ Albacete (Spain)
have been carried out by the use of the t-statistic
disl~r=but|on. For th~s case study several direct parameters
qatnered Dy meteoroloq=cal radar and the qrowth (’actor as an
=ncl=rec t parameter have been selected. The results indicate
that the only parameter able to distin~luish the behaviour o~"
both types o# haHstorms was the qrowth factor which was
less for seeded hailstorms which is siqni~eic ant at the 57.
level. Based on these results, a linear correlation between
the qrowtb £actor and rema=ninq radar variables l~as
performed. The ~inal results suqqest a better correlation
between most variables ~or the unseeded than for seeded
hailstorms.

1. INTRODUCTION

Direct and indirect losses Dy bail
on crops are dramatic around the world
(Dessens, 1986; Romero and Balasch,
1985: Humphr=es et a1.,1987). This
problem ~s Darticuiary important in
Spain since our country mainly depends
on ~ts aqr=cultural production.

The devastatinq e#fects of hail
have focused attention on the use o~e

weather modl~eicactlon techniques to
alleviate the problem. Therefore,
d=q~eerent countries have initiated a
w=cle ranqe of Dro.iects m order to study
ha=|storms and to des=qn adequate
technotoq=cal methods ~eor suppressincl
nail (Colino, 1987; Dessens, 1987;
Henderson, 1975).

There =s a lot of controversy over
the e~’~ectiveness o~" hail suppress=on
pro.)ects ~eveloped in
countries. fne mamn Dart o~ the Dro_lects
~escrlDeQ ~n the literature snow
positive benefits £or ~e ~a~l
suppress=on Droqrames (Dessens t987:
Santoiaya and Santos, 1987). However,
accord~nq to ~he WHO, there is no
scientific experimental evidence
suooor~mq ~he e~ect~veness ¯ o~
suppress=on (WHO, 1983, 1985, t986).
Despite this, the ~flO recoqnizes the

need ~or an =mportan~ advance in seeded
technoloqles and it encouraqes ~he
development of e×Derlmenta! DrO.jects
conducted to analyse the results

For the years 1978 to 1983, and
~’rom the period June throuqh September~
a nail suppression Drogram was oDerated
~n tile Drovlnce o~" Albacete (Spain). The
protected area was about 600
Km2. This area was chosen by the
ttimstry of Aqriculture on the basis of
historical data concerninq nail losses
encurred by insurance comPanles. Ourinq
these operations hailstorms were seeded
by aircraft flyinq at the -IO "C
altitudes. Ejectable Aql pyrotechnics
were used as the seedinq material. The
aircrafts were flown directly into the
cloud masses Oased on vectors from a
meteoroioqical radar located at the
control site in the protected area. The
cloud with re~lectivity values near 45
dbz and with vertical development
qreater than 6.500 meters, were
considered to contain a risk of hail.
When the reveler twity was hiqher than 35
dBZ at 6,500 meters then the clouds were
seeded, subsecluently the spatial and
temporal evolution oq the radar echoes
were followed and stored in the
computer, therefore, an extensive
collection of information relative to
the most common radar parameters was
available to study the clouds. However,
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neither mtcroDhys~cal observations of
the clouds nor reformation on nail at
the ground (i.e., s(ze soectrum0 Kinetic
enerqy...) were available.

The purpose of this pa~)er is to
present some of the results obtained
concerning tl3e main r a 0 a r
characteristics of" ~he unseeded

area (or =n the nearby areas), 
compare the ¢naracter~sT~cs anO ~denti~y
any statmst~cal dm~erences. To do this,
we nave used some o~ the most relevant
radar parameters. Also, a comparison has
been performed by usmg ~he "growth
factor" o~ hailstorms Proposed by Goyer
(1975).

DATA

From all the data recorded by the
radar/computer system, we nave focused
our aCtentmn on the clouds w~th hail
risK. Therefore, we have selected only
those clouds with reflectivlties qreater
than 45 dBZ. In addition, we have only
considered clouds with lifetimes qreater
than 10 minutes. The mterval of time
was chosen as a comorom=se oetween
ootam=nq enough statistical data and
navmg echo hfetime w=th sufficient
duration in order to compare the results
of seeded versus non seeded clouds.
(Foote and Nhor, f979)

For this case study, we nave chosen
the ~otlowinq direct parameters measured
by the radar:

HN maximum heiqht o# the hailstorms
(Km)

HIO height related to the 10 dBZ echo
(Km)

T lifetime of hailstorms (rain)
NR maximum ref lectivity (dlBZ)
HMR height corresponding to the max=mum

reflectivity (Km)
X total distance traveled by the

hailstorms (Km)

As an additmonal Dart of this
I)rellmmar y study, we have included an
~’actor which takes into account the
vertical growth rate o~e hailstorms. 1he
~’actor chosen and which is referred to
as GF, Is defined as follow for seeded
and unseeded hadstorms (see Goyer ~or
details):

GF = T 1 / TO

If ~tO~ is the t~me of
imtlation ot ~ seedmq for seeded storms,
the time is Dert~ectly Known, but to
for unseeded storms is def’med as the
time when ectlo rODS first

Then:

(Km.mln), the initial
hailstorm magnitude, is defined by the
echo too integrated from P_O mm before,
to the time of m=tiatlon o~ seedmq

(to).

(Km.m=n) #s the to~al
storm maqm~ude, anO ~t ms de~=ned bY
its ecno top in~eqrazed from ~0 mtn
before ~tO~ ~o the t~me the echo
aCODS below 7.6 Km.

3.CHARACTERISTICS OF UNSEEDED HAILSTORNS

Table 1 shows the arithmetical
mean. the arithmetical standard
deviations, the maximum and minimum
values o~" each radar variable and the
qeometrlcal averaqe and the standard
deviations. There were 43 hailstorm
cases studied.

HM
H10
T
MR
HMR
X
GF

11.60 1.30 15.0 9.4 11.62 1.13
10.70 1.43 14.3 9.5 I0.71 1.13
71.50 62.08 282.0 10.0 57.43 2.38
56.55 7.51 68.0 45.0 56.21 2.38

3.41 1.90 7.0 0.6 2.80 1.94
46.14 31.25 148.0 7.0 39.¢0 1.95

5.71 3.99 22.2 2.9 4.85 1.95

Table 1 : arithmetic averaoe
arithmetic standard deviation
maximum (MAX). minimum (MIN)~ oeometric
averaQe (M=). and Qeometric standard
deviation (E~) ~or unseeded hailstorms.

The examination of the ~requency
h~stograms revealed the tendency o£ the
values o#" most ot ~ the variables to be
toqnormally distributed. Using Probers
analysis, (Murray, and Spiegel, 1961),
the figure t shows the cumulative
~’re~uency distribution o~" each variable
exoressea in terms of the standardized
"u" variable versus the logarithms of
the values ,. The linear I~lot s obta=ned
for each variable are ~nd=cative of the
Ioqnormal=ty of the values. The
correlation coefficient related to each
linear fit was never below 0.99 as
may be seen ~n Table
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PARAMETERS r

HM
HIO
T
MR
HMR
X
GF

0.990 0.1188 11.70 14.23 9.62
0.998 0.1137 10.79 13.00 8.95
0.991 0.8077 52.65 198.80 13.94
0.990 0.1105 55.50 65.56 46.~0
0.998 0.4554 3.52 7.4 1.67
0.995 0.6451 37.23 107.6 12,89
0.995 0.4861 4.61 10.25 2.07

Table 2 :correlation coefficient (r). slope
(o) and values for different orecentiles

related to unseeded hailstorms.

tn order to cnecK the vai~d,ty of

the hypothesis of the loqnormal

frequency d,str=bution, the Kolmogorov-

Sm,rnov test was performed. The values

obta,ned for the slat,stirs conf~rmed

tne vahchty of" this assumbt,on at a
s~qn=f,cance level below 5Z. Based on

t~ese results the geometric average and

t~e qeometr~c s~andard dev=at;ons ~ave

been Oeterm~neO to properly characterize

IRe frequency ~=str;but~ons.

After looking a~c Figure 1 and the
results related to different percentdes
(see ~aDle ;’), the following general
conslderat,ons can he drawn.

Ii111
678910

Fiqure 1 : cumulat,ve frequency
dlSt rlbUT.ion versus Ioqarltt~ms of the

values related to unseeded hailstorms

rhe lifetime of the hadstorms ,n

the area of" Albacete can be cons,tiered
as moderately long because averaqe

geometric value ,s near 1 nour and tile
frequency of na,lstorms wnose hfet,me

was below 15 minutes =s only 5%. Tt~,s

~anOar~ ~ev~a~on, wntcn reveal~ t~e

heterogeneity of ~e I~et~me o~

~a~lstorms. Similar results are obtained

for ire O~staRce travete~.

The rat,o between the averaqe

d,stance and hfetime is around
ms -1 wil,cn may be cons,dered as a

realistic wind speed.

]he parameters HM. HIO and MR Ilave

standard aev,at,ons qu,te small as can

be seen ,n the s,m,lar slopes ,n the

cumulat,ve freauenc,es plots ,ndlcated

~n F,qures 1 and ~. [he averaqe value
obta,ned ~n the ref lec~civ=tY oPserved

,nOlcates that the nallstorms oPserved

m tile area of ^Ibacete are not very

severe compared to other continental

areas (see Foote and Mhor; 1979).

tt ~s also ,nterest,nq to note that

the netgnt of the max,mum reflectiv,ty

s~ould also be considered as averaqe,

s,nce drily 5~ of tile nadstorms nave the

max,mum reflectw,ty locateQ a’c 1.7 Km

above qrounO.

4. COMPARISON BETWEEN SEEDED & UNSEEDED
HAILSTORMS

Table 3 shows the arithmetical
mean. ar,thmetical standard deviation.
max,mum and minimum values, tl~e
qeometr,c mean and geometr,c standard
dev~at,ofl5 of each radar parameter
related to seeded nadstorms. The numDer
of" cases analyzed was ~9.

MAX MIN Mg ~

HM 12.20 1.32 14.8 9.8 12.08 1.65
HIO 11.32 1.58 14.8 9.0 11.27 1.06
T 83.50 56.40 255.0 16.0 67.50 2.25
MR 57.11 6.40 71.0 45.0 56.87 1.12
HMR 3.90 1.89 9.8 0.7 3.50 1.65
X 64.10 42.24 144.0 19.0 49.21 1.84
GF 3.99 1.72 7.6 1.5 3.65 1.50

Table 3
arithmetic standard deviation (~.).
maximum (MAX), minimum (MIN), oeometri~ average
(M~), and aeome~ric standard deviation
(~) ~or seeded hailstorms.
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F=qure 2 sflows the cumulative

f’reQuencv distributions versus the
Ioqar~tnms of‘ tl~e values related ~o each
parameter. rne linear ~=ts were
rather sat=sfactoPv as can De seen In
I able 4. The Kolmoqorov-Sm~r nov te5~ was

also ~erformeO ~n orOer to check
of‘ storms, tn ~act. the exammatmon of‘

the qeometeic averaqe values s~own in
ladle 1 anO 3 indicate a sliq~t increase

e’er the mo5¢ oY the varmables. The

qrow¢n t’ac¢or was the only parameter

wRic~ aecrea5ea f‘or the seeded

hailstorms. In order ¢o analyze =~ the

dtfterences between the averaqe values

were s=qn~f‘~can~ f’rom a stat~st=cal

Do=nt of v~ew, t~e Student t-test was

a#oheQ to eac~ variable. fable 5 shows
the ~Y~ere~ces between the Ioqac~thms

of each varmaOle and the

s=qn=~=can~ a~ the 5Z level and the
symbol ~N ~ mean~ ~a~ ~hey were no~.

PARAMETERS r g V(50) V(95) 

HM 0.998 0.1028 12.11 13,42 10.23

HIO 0.992 0.1490 11.14 12,94 8.72
T 0.994 0.6481 67.11 194,91 23.11
MR 0.997 0.1107 56.71 68,04 47.27
HMR 0.998 0.5802 56.71 7.37 1.24

X 0.978 0.5997 45.98 17.14 123.29
GF 0.996 0.5087 3.62 8.38 1.57

Table 4 :correlation coef÷ient (r), slope
and values for different percentiles related to
seeded hailstorms.

From the resuFcs shown m Table
we can conc;ude that there =s not a
slqn,f‘lcant dlf~ £erence between ~ne raoar
parameters measured Oy ~ne radar when

unseeoeo anO seeoeO s~orms are comDareQ.
However. f‘or the qrowtn f‘ac~or useO
tn~s reoort, there ~s a 3~.1Z decrease
Yet the seeoe~ wren comgare~ ~o
unseeoe~ ~a~ls¢orms (results ~n table

o°

I iliil
678910

Fiqure ~ : cumulative f‘requency
dtstr~bution versus Ioqar=thms of" the
values related to seeded Radstorms

PARAMETERS D I F t S (5%)

HM 0.0388 1.59 N
HIO 0.0509 1.71 N
T 0.1615 0,78 N
MR 0.0117 0.43 N
HMR 0.2231 0.18 N
X 0.2222 1.41 N
8F -0.2842 2.02 Y

Table 5 : results of the t-statistic at the 5%
sionificance level.

eF (SEEDED) N-29 {~F (UNSEEDED) N=43

5.6 3.6 3.7 2.9
1,6 5.4 3.02.9
2.7 2.7 3.6 4,7
3.9 3.5 3.3 2.7
2.7 1.5 3.5 2.6
2.7 4.7 3.5 6.4
4.7 7.~ 1,7 8.3
7.5

3.2 5.2 6.0 2.6
8.5 3.5 5.0 2.9
2.6 6.5 1.7 5.8
3.7 4.7 2.4 6.0
3.3 3.4 5.0 1.7
4.8 4.9 4.4 8.5
6.5 3.8 4.5 5.4
7.517.222.3 6.5
5.9 10.4 7.2 5.3
2.1 2.4 9.1 4.6
2.8 5.510.7

Table 6 : Values e4 GF for seeded and
unseeded hailstorms.
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5. LINEAR CORRELATION ANONG THE GROWTH

FACTOR AND THE DIRECT RADAR PARANETERS

Since the oniy parameter wntch

snowed a difference between the two

groups of natistorms was the growth

factor we tried to estaDhsI1 if" there

was any correlation between tins f’actoc
an~ ~ne other radar parameters. Tables T

and ~ s~ow ~ne. correlation coef’f~c~ent,

t~e slopes an~ the intercept *’or the

unseeQe~ and see~e~ na~Is~orms

respec~weW. In the last column we nave

~ncluOeQ ~ne s~qmf~cance level of each

hnear fit. The symbol ~N’ means that

the t’~t was not s~qn=f‘,cant at a leve~

below ~,

6. CONCLUSIONS

A cnaracterlza~on of" hat!storms
developed ~rl the prownce of’ AIDace~.e

has Deen performed w~tn the a~d ot ~ the

~nformat,on recorded by a meteoroloqicai
radar located ~n the protected area. In
order to describe properly ~he main
c~aracterlS~lCS of eac~ of the
parameters s~ue~ee, two loqnormal

frequency d~str~out=on t~s~s were
perf’ormeQ : ~RE Koimoqorov - Sm~rnov
tes~ an~ a Probers analys=s, T~e results
obtained ~or unseeded and seeded
na=lstorms have revealed that the values
o~ all parameters were well ~tted to
the Ioqnormal frequency O=str=butlon.

tne unseeded hailstorms correlated
het~er w~tn most of tl~e parameters than

d~d the seeded ones. A similar

correlatton was found wtth the hfet~me

Of tire f131]sTorms. i-his difference

De~vlour COUld De i~dlCa~lve O~
~loolt~(]a t~on Io ~:he seeded ~alJs~or~s.

Tne unseeaeci storms, whose
reflectwtt~es were greater than 45 dBZ
when lifetimes were greater than 10
minutes, were analyzed for the protected
area. fheY are character=zeal Dy moderate
hfetime and with long travel distances,
although riley were not very severe
according to t~e reflec~ivity values.

PARAMETERS r 0 a s I

HM 0.661 0.14 11.66 0.002
HIO 0.637 0.22 9.62 0.002
T 0.795 0.07 2.16 0.002
MR 0.441 1.08 46.00 0.005
HMR 0.563 0.28 1.95 0.002
X 0.733 4.73 15.34 0.002

Tabla 7 : linear fits between the orowth factor
and the direct parameters fer unseeded
hailstorms.

PARAMETERS r 13 a s I

HM 0.180 0.140 11.66 N

HIO 0.006 0.006 11.31 N

T 0.590 0.018 2.48 0.002

MR 0.322 1.204 52.47 N

HMR 0.002 0.002 4.01 N

X 0.084 1.641 50.32 N

Table 8 : linear fits between the Qrowth factor
and the direct oarameters f~r seeded hailstorms.

[he comDarlson between the
qeometmc average values of" each studied
parameter has ~nd~cated that there is no
stqnlf:cant difference between seeded
and unseeded hailstorms. 1he only
parameter wnlcn was demonstrated to nave
a s~qntf’~cant difference was t~e growth
factor. ~~ere was a decrease f‘or the

seeQe~

~ne correiatlons between the qrowth

factor and the various Darameters
obtained for both seeded and unseeded
ha=lstorms revealed that there was a
d~fferent benav,our for seeded and
unseeded storms. The unseeded storms
correlated rather sat=sfactorily wtth
most of the direct radar parameters,

while the linear fits were very Door for
the seeded cases. This result suggests
that the ~nf"luence of" the seeding
process may nave changed the radar

cnaracterlst~cs of the hailstorms.

It should be noted that these
results are based on radar observations
only. In order to obtain definitive
results, and according to the
suggest=ons of the WMO, it would be
important not only to complete this
study with cloud m=crophys~cai

~nformat=on and ground truth data
concerning natal s~ze characteristics.
but also to conduct these studies on the
basis of a randommzed seed,nq
experiment.
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