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Figure 3: Same as Figure 2, but for Cloud 2 over the
hills 60 km NE of Monterrey (see location in Figure
1). It developed in air mass that had 100 CCN cm™.
The cloud drops are quite large and the distribution
continues smoothly into the rain drop sizes. This
indicates active warm rain processes.

Figure 4: Same as Figure 3, but for Cloud 3 over the
hills near Big Sur (see location in Figure 1). It
developed in an air mass that had about 40 CCN
cm-3. The cloud drops are very large and the
distribution continues smoothly into the rain drop
sizes. This indicates very active warm rain
processes.

Figure 5: Same as Figure 2, but for single heights in
clouds 4 — 8 in a cross-section from the Pacific
Ocean to Sacramento, marked by 4, 5, 6 ,7, and 8
respectively. The respective approximated CCN
concentrations are denoted by the circles with the
respective colors of the lines and located under the
modal LWC and at the CCN values on the right
ordinate. The CCN concentrations for the numbered
clouds are: 4: 70, 5: 100, 6: 300, 7: 600, 8: 800 cm™>.
The drops become markedly smaller with increasing
CCN concentrations. Warm rain ceases at cloud 3,
with 300 CCN cm’,

Figure 6: Same as Figure 2, but for vertical cross
section in Cloud 8 over Sacramento (see location in
Figure 1). It developed in an air mass that had about
800 CCN cm™. The cloud drops are very small and
do not expand much with height into raindrops,
again as in Cloud 1.



to the north of the Golden Gate. Upon turning
to the east a sharp increase of the CCN to
more than 700 cm™ occurred over Richmond.
The CN shot up to more than 10,000 cm™. This
suggests ample source of fresh small aerosols.
The CCN remained at that level within the
boundary layer all the way to landing in
Sacramento.

The clouds and precipitation particle size
distributions are given in Figures 2-6. the
clouds were sampled stepping upward from
their base at its up shear towers, whereas its
more mature portions glaciated and
precipitated. Due to air traffic control
limitations we had to use different clouds in the
same area for the lower and upper portions of
the cross sections. The modal LWC size of the
drop size distribution (DSD) increased with
height above cloud base. In cloud 1 it reached
21 um at the height of 3635 m, which is about
1900 m above cloud base. The temperature
there was -8°C. This size is below the
threshold for modal LWC DSD for warm rain
that was documented elsewhere as 24 pm
(Andreae et al., 2003). In agreement with that,
the DSD did not expand to the drizzle size.
Large precipitation particles occurred as
graupel and formed a well separated
distribution at the 1-mm size range. The clouds
are described in Figs. 2-6.

5. SUMMARY

A preliminary analysis of single flight of
SUPRECIP 2 showed a clear relation between
CCN concentrations, cloud microstructure and
precipitation forming processes. The
distribution of the CCN showed an
unambiguous urban source, at least in the San
Francisco Bay area. The role of the
anthropogenic aerosols is demonstrated by the
contrast between Cloud 2 some 50 km inland
at a relatively scarcely populated area,
compared with clouds 6 and 7 only several km
inland over the heavily populated and
industrialized Bay area. While Cloud 2 was
quite pristine and produced ample coalescence
and warm rain, coalescence in cloud 7 was
highly suppressed and it produced no
precipitation.

The pristine clouds with large drops and
warm rain processes produced a continuum of
drop sizes from the cloud drops through the
drizzle sizes to the small rain drops. In
contrast, clouds with suppressed coalescence
due to large CCN concentrations that grew to

heights with cold temperatures still produced
mixed phase precipitation mainly in the form of
graupel. They produced distinctly different size
distribution of the hydrometeors, which was
separated from the cloud DSD. It is known
from theoretical considerations and simulation
studies that the decreased cloud drop sizes
reduce also the mixed phase precipitation, but
the extent of this possible effect from the cloud
physics measurements remains to be
documented.

Similar  response of clouds and
precipitation forming processes to aerosols is
apparent also in all the other research flights of
SUPRECIP-2. The continued analyses and
evaluation of the results is likely to provide
compelling evidence for the detrimental role of
anthropogenic  aerosols on  orographic
precipitation in California, and explain the
climatologically observed trends of the
reduction in the orographic precipitation
component at the southern and central Sierra
Nevada.
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The experimental data (Mather et al. 1997;
Terblanche et al. 2000) and results of simulating cloud
seeding (Cooper et al. 1997) with additional
condensation nuclei whose sizes exceed the
characteristic sizes of the atmospheric aerosol show
that cloud seeding with hygroscopic particles results
in a decrease of the droplet concentration and,
correspondingly, in an increase of the sizes as
compared to the background cloud containing only
atmospheric condensation nuclei.

An analysis of the results of calculations
performed for different cloud droplet concentrations
showed that the effect of action is determined by the
ratio N,, / Npg of the number of hygroscopic particles to
the number of active atmospheric nuclei (i.e., to the
droplet concentration in the background cloud) (Drofa
2006). Since water contents of clouds containing
additional condensation nuclei and of background
clouds do not differ from each other, the difference
between the droplet sizes can be estimated from the
relation N / Npg=(rs/ R3)3, where Npg or N and rs
or R; are the droplet concentrations and the root-
mean-cubic droplet radii in the background or
modified clouds, respectively. This ratio can be used
as the parameter allowing the estimation of the effect
of additional condensation nuclei, because the
enlargement of cloud droplets is the main factor
stimulating the gravitational coagulation within clouds
and subsequent precipitation.

The calculation was based on the equations
describing the condensation growth of droplets and
the time dependence of water-vapor supersaturation
(Sedunov 1972). Below, the air pressure and
temperature variations correspond to the adiabatic
expansion of some air volume at a constant velocity V
of the air mass rising during cloud formation. As the
initial size distribution of aerosol particles representing
atmospheric condensation nuclei, we used the Junge

distribution f(rn)~rnv. The size distribution of

hygroscopic particles is assumed to be log-normal. It
is assumed that all the cloud droplets are formed near
the base of the cloud. The initial conditions for the
state of an air mass, the initial particle size distribution
and physicochemical properties of substances of
aerosol particles were taken into consideration.

The results of numerical calculations allowed
us to state that the form of the dependences of the
effect on N,/Ny, is determined by the parameter
VI, szg b %
== )

Wl o

and that these dependences practically coincide for
identical values of the parameter F, where r3 is the

root-mean-cubic radius of reagent particles, ¢ is the
variance of the logarithms of radii. The parameter

F

b= Htw ‘Ps
Hs * Pw
is determined by the physicochemical properties of
substances of aerosol particles. Here p,, or ps and py
or ps are the molecular weights and densities of
water and substances of aerosol particles,
respectively, and i is the Van't-Hoff factor.
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Fig.1. Dependence of the effect of action on the
concentration of seeded particles. The figures near the
curves denote the values of the factor F.

Thus, the parameter F can be used as the
parameter of similarity for the dependence of the
quantity N/Npg (that determines the effect of action) on
the relative concentration N, /Npg of the hygroscopic
particles introduced into the cloud. The results of the
calculations of this dependence are generalized in
Fig.1 for different values of the parameter F. It is seen
that the parameter F characterizes the effectiveness
of action of hygroscopic particles, namely, the higher
the F value, the higher the effect is. At some
concentrations of seeded particles, the lowest droplet
concentration in the cloud is reached. A major portion
of cloud droplets is formed on the seeded particles
rather than on the atmospheric condensation nuclei. If
the concentration of seeded particles exceeds the
number of active atmospheric nuclei in the
background cloud, the droplet concentration in the
modified cloud can exceed the background value.
This effect is known in cloud physics and weather
modification as the phenomenon of "reseeding”, in
which the sizes of cloud droplets decrease rather than
increase. Thus, when particles of certain sizes are
introduced into a cloud during its formation, there is
an optimal concentration of particles for which the
greatest effect of action is achieved.

The data given in Fig.1 are obtained in the
following ranges of characteristics of hygroscopic



particles: 0.5<b<1.33, 0.1um<rs<3um and 0.2<c <0.9
and in the following ranges of atmospheric
characteristics: -5 °C <t<20 °C, 500 hPa<p<900 hPa,
50 cm'3<Nbg<1500 cm'3, 100 cm/s<V<500 cm/s and
3<v<5. The calculated results are almost independent
of the characteristics of atmospheric aerosol
substance and of the air pressure and temperature.
These characteristics are taken into account in a
certain way through the number of activated
atmospheric nuclei Nyg.

From the data given in Fig. 1, first, the optimal
parameters of hygroscopic particles, that are
necessary to achieve the greatest effect of action and,
second, the action-caused decrease in the
concentration of cloud droplets (as compared to the
background cloud), i.e., the effect of action itself can
be determined. As is seen from formula (1), the root-
mean-cubic radius of seeded particles r; is the main
parameter that determines the effect of action. The
greater is rs, the higher the effect of action is. The
intensification of the positive effect of action can be
achieved using both hygroscopic substances with an
enhanced condensation activity and particles with a
narrower size spectrum; however, the effect of these
parameters is less significant.

The effect of action decreases as the air-
mass rising velocity V at which the cloud forms. The
parameter v in formula (1) considers the behavior of
the atmospheric condensation nuclei size distribution
function at assessing the effect of modification. The
lesser is the value of v (i.e. the greater is the number
of larger particles in the atmospheric aerosol), the less
significant effect of modification as a result of cloud
seeding will be.

The higher are the concentration of active
condensation atmospheric nuclei in clouds, the
stronger the effect of action of hygroscopic particles
is. This means that the effect of seeding by small
hygroscopic particles of continental clouds should be
larger than in case of marine clouds. To achieve the
same effect of action as in the case of a continental
cloud, larger particles are necessary for a marine
cloud. Such a conclusion on a decrease of the effect
of action by small hygroscopic particles on clouds of
marine or intermediate types is in agreement with the
results of numerical simulations (Cooper 1997)
performed for such clouds.

For studies of a mechanism of hygroscopic
seeding effect on convective clouds to enhance
precipitation a one-dimensional model of a warm
convective cloud was developed. The model allows
one to obtain a spatio-temporal presentation of cloud
development and to analyze the laws governing the
cloud evolution at hygroscopic seeding (Drofa 2007).

The formation and development of a
convective cloud in the model occurs due to a vertical
air flow continuously lifting at a constant velocity. It is
assumed that the activation of condensation nuclei
takes place in the cloud base. At a further lifting of the
cloud medium only the process of drop condensation
growth/evaporation occurs. New cloud drops do not
form. The equation system is used for temperature
and air pressure changes and for water vapor
supersaturation at air mass lifting. Entrainment of heat

and water vapor into a lifting air parcel from the
environment is accounted for parametrically (as in
Pruppacher and Klett 1978). The initial stage of cloud
medium microstructure formation is described by the
equation of drop condensation growth. With the use of
the initial conditions of the air mass state and the
parameters of condensation nuclei (atmospheric
and/or additionally introduced), the size distribution
function of drops originated at the cloud base is
calculated according to the method used in (Drofa
2006). Further evolution of the size distribution
function is calculated with the use of the kinetic
equation. The processes of drop condensation
growth/evaporation, coagulation, breakup of drops
and their sedimentation are considered. For a numeric
solution of the kinetic equation a fixed grid of cloud
drop sizes in the radius range of 1-2500 um (396
points) with a non-uniform step in radii was used. The
computation temporal step of the kinetic equation is
At = 1 s. The vertical spatial interval for constructing
the profiles of computed parameters is Az = 120 m.
Sedimentation of drops and precipitation are
computed from the difference of terminal falling
velocities of drops of different radii and the rate of the
air mass updraft. For this determined is the number of
drops that fell from the given cloud layer and those
that entered this layer from the above level during a
certain period of time. A cloud top is formed due to
evaporation of cloud drops and precipitation of large
drops to the lower cloud layers. The value of the
entrainment coefficient is taken inversely proportional
to the altitude above the cloud base. Adjustment of
parameters characterizing entrainment gives a
possibility to achieve a complete coincidence of
vertical profiles of cloud parameters obtained in the
model with the parameters of continental clouds in the
real atmospheric conditions found experimentally in
the European territory of Russia (Mazin and Shmeter
1983).

The present paper gives the results of
numerical simulations of continental clouds obtained
for the following conditions: temperature and air
pressure at cloud base are t = 10°C and P = 900 hPa,
respectively, air flow updraft velocity is V = 2-4 m/s,
cloud drop concentration near the cloud base is 1000
cm’?’, cloud vertical thickness is 2.5-4.5 km. The
computation results demonstrate that precipitation
formation in a cloud is observed at its thickness H = 4-
4.5 km, when maximum liquid water content of the
cloud medium attains W=3.1-3.4 g/cms, and maximum
cloud drop mean-root-cubic radius is ry= 9.5 um. Rain
rate maximum (l,=11-15 mm/h) is observed after 50-
55 min of cloud development. Total accumulated rain
is S=4 mm. In this case precipitation formation starts
in the upper cloud layers, where an accumulating
region of large drops is formed. In more weakly
developed clouds precipitation drops are formed in
the lower layers of the cloud due to sedimentation of
large drops from the upper cloud layer and their
coagulation with smaller drops of the medium. It is
known that in the real atmospheric conditions
precipitation from convective clouds of small thickness
does not fall out at all, because due to the variability
of the atmospheric conditions the development of a



cloud is ceased and the cloud dissipates. The life-time
of convective clouds of the thickness H<4 km is 40 —
60 min (Mazin and Shmeter 1983). In the model
presented the process of cloud dissipation is not
considered.

The process of seeding a cloud at H = 3 km
by NaCl hygroscopic particles at air flow updraft
velocity V=2m/s is shown in Fig.2. The size
distribution function of particles introduced was taken
as log-normal with r;=0.5 pm and 0=0.3. The
concentration of seeding particles N,=250 cm™ was
chosen optimal for obtaining larger drops
condensation at the initial stage of cloud formation
(Drofa 2006). The introduction of seeding particles
into the cloud base is made at the 10-th minute from
the beginning of the cloud formation. The particles are
introduced into the 240 m layer during 2 min. As is
seen from Fig.1, at the 39-th minute of the cloud
existence, when the layer with hygroscopic particles
reaches the cloud top (at H,=2.7 km) an
accumulating region of precipitation drops formed on
hygroscopic particles is originated. In the cloud
medium containing these drops the intensity of
coagulation processes is sharply increased. In the
course of time these drops precipitate into the cloud
lower layers absorbing smaller drops on their way.
The maximum of the accumulating region shifts
downward (see Fig.3). The accumulating region with
precipitation drops broadens within the cloud depth
reaching by the 49-th minute the cloud base and it
starts to rain. Rain rate maximum is observed at the
55" minute of the cloud evolution.
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Fig.2. Vertical profiles of cloud parameters at hygroscopic
seeding for the time moments of 14 minutes (dashed
curves) and 39 minutes (solid curves) from the beginning of
cloud formation. N is the droplet concentration [cm’s]; W is
cloud medium liquid water content [g/m?]; P is precipitation
liquid water [g/m?; rs is the cloud drop mean-root-cubic
radius [um].

The existence of an optimal concentration of
particles introduced, at which the highest seeding
effect is achieved, is confirmed by the results of
calculations made with the use of a presented model.
To demonstrate this phenomenon, we shall give the
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Fig.3. Vertical profiles of cloud medium liquid water content
([0.Zg/m3] — solid curves), precipitation liquid water content
([O.2¢3:]/m3] — dashed curves ) and droplet concentrations
([20° cm'3] —dot-and-dashed curves) for the time moments
of 44, 49 and 55 minutes (curves 1 — 3, respectively).

calculation results for precipitation falling as a result of
hygroscopic seeding by NaCl particles of a convective
cloud with the vertical thickness H=3.7 km. The
velocity of the air mass updraft is V = 4 m/s. Maximum
value of cloud droplet mean-root-cubic radius is ry, =
9.2 ym. In an unseeded case the accumulated rain
from this cloud is S=0.75 mm. Maximum rain rate
does not exceed |, = 1.65 mm/h.

The Table 1 gives the calculation results for
the rain rate I, and the accumulated rain S at
seeding by the particles with the root-mean-cubic
radius ry=1 pum (0=0.3) at their different
concentrations No[cm'al. Here, the values of droplet
concentrations N [cm™] formed in the base of the
cloud after seeding and the ratio N/N,4 are given as
well. It is seen, at varying the value of Ny within the
range of 100 — 300 cm™ the values of |, and S change
by three times. The highest values of I, and S are
observed in case of Ny = 200 cm® at minimal value of
N/N,g = 0.244. The total mass of salt M [kg]
consumed in every case for seeding a cloud of the
surface area of 1 km” and the mass of salt consumed
for obtaining additional water amounts from the cloud
P [kg of salt / m® of water] are given in the Table1 too.

Table 1. Calculation results for effectiveness of seeding by
hygroscopic particles with r3 = 1 uym of a cloud with the
thickness H = 3.7 km and Npg = 1040 cm™.,

Nel No [ N[NMNyg| Im S M B
1 | 100 [424] 0.405 | 7.24 | 1.62 | 217 | 0.25
2 | 150 |290| 0.277 | 19.32 | 3.42 | 325 | 0.12
3 | 200 |255| 0.244 | 20.24 | 3.54 | 434 | 0.16
4 | 250 |260| 0.249 | 13.56 | 2.55 | 542 | 0.30
5 | 300 |300| 0.287 | 7.75 | 1.68 | 652 | 0.70




Thus, this result means that the effect of cloud
droplet enlargement induced by hygroscopic seeding
of developing clouds is of prime importance for the
stimulation of coagulation processes and that the
decrease of the cloud droplet concentration as
compared to the cloud droplet concentration in the
background cloud can serve as an estimate for the

effectiveness of hygroscopic seeding as a means for
artificial intensification of precipitation.

The results of numerical simulations of the
effect of hygroscopic particles seeding of clouds with
different thicknesses and different air flow updraft
velocities are given in Tables 2, 3. As is seen from the
tables, the effect of seeding with smaller hygroscopic

Table 2. Calculation results for maximum rain rate I, [mm/h], accumulated rain S [mm] and height of rain accumulating region
Hac[km] at hygroscopic seeding of clouds of different thickness H [km] at V = 2 m/s.
Wn and rn are maximum liquid water contents [g/m®] and mean-root-cubic radii [um] of cloud droplets; N, is the concentration

[cm3] of seeding particles. The symbol “<0.6”
the formation of the accumulating region

indicates that precipitation drops are formed at a height less than 0.6 km without

Cloud H=2.5 H=3.0 H=3.5 H=3.6
Wp=2.2 Wn=2.7 Wn=3.0 Wn=3.1
parameters rp=8.1 [m=8.8 rn=9.3 rp=9.5
Case Im | S | Ha Im | S | Ha Im | S [ Ha lm | S | Ha
Unseeded - - - 094 026 <20 | 832 225 <27| 159 42 34
r;=0.5 N,=250 | 0.17 0.05 <0.6 | 185 251 27 321 538 30| 272 63 34
rs=1.0 No,=150 | 8.83 1.00 2.3 286 414 26 285 512 26 | 300 58 2.6
Table 3. The same is in Table 2 at V = 4 m/s.
H=3.3 H=3.5 H=3.9 H=4.1
Cloud Win=2.9 Win=3.0 Win=3.3 Win=3.4
m—&. m—o. m—9. m—9.
parameters rp=8.9 [n=8.9 rm=9.3 [m=9.5
Case Im | S | Ha Im | S | Ha m | S [ Ha m | S | Ha
Unseeded - - - 0.82 040 <15 6.09 268 <27 | 115 405 <30
rs=0.5 No,=300 | - - - 096 042 <25 | 668 268 <30| 123 454 36
rs=1.0 No,=200 | 3.7 078 <25 | 102 202 34 56.5 8.9 36 | 745 119 36
particles (with r3 = 0.5 pm) depends significantly on atmospheric  condition and elaboration of a

the state of cloud evolution, i.e. on its vertical
thickness. The closer the cloud is to the stage of
precipitation formation, the more significant may be
the effect of seeding with such particles. The
computation results indicate that at an air flow updraft
velocity V=2m/s additional rain amount may be
obtained with the particles with r; = 0.5 um from the
clouds of the vertical thickness H > 3 km. Seeding
with such particles at V = 4 m/s has an insignificant
effect.

With the particles at r; = 1 um additional rain
amounts can be obtained from clouds with H > 2.5 km
(atV=2m/s) and H > 3.0 km (at V = 4 m/s). The
accumulating region in the clouds at seeding with
such particles is formed at Hy. = 2.6 km (V = 2 m/s)
and Hy = 3.6 km (V = 4 m/s). When the cloud vertical
thickness is higher than these values, the rain rate
and total rain amounts induced by these particles do
not practically depend on the cloud thickness. In such
a case, rain starts to fall earlier than in case of
seeding with smaller particles or without seeding. The
latter factor can become decisive for obtaining a
positive modification effect as the life-time of weakly
developed continental clouds is limited.

This simple model of hygroscopic seeding of
a convective cloud with hygroscopic particles
presented does not pretend to accurately forecast the
precipitation amounts. It is aimed at studying the
general laws of cloud evolution at its hygroscopic
seeding. The model can be useful at developing the
experimental methods applied for the real

modification strategy.
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1. Introduction

Numerical simulation of clouds and
precipitation is one of the important means to
study clouds and precipitation, including its
application to weather modification 3. At
present, artificial ice crystals by seeding silver
iodide (Agl) particles are handled in numerical
cloud seeding models in two ways: One is that
artificial ice crystals are regarded as the same
size distribution as natural ice crystals. This
would lead to higher ice crystal concentrations on
the smaller size end of the spectra, which is not fit
for the fact. The second is a compromised
scheme that both the natural and artificial ice
crystals are superposed to form a whole size
spectrum. This would reduce the concentrations
of smaller and larger particles in the superposed
spectra !, However, it is actually impossible to
reduce the concentration of larger particles due to
importing artificial ice crystals. According to
measurements in the cloud chamber, the
distributions of Agl particles were subject to one
certain size distribution 7. In this case the
artificial ice crystals induced by these ice nuclei
should have a size-distributed structure.
Therefore, in this paper the artificial and the
natural ice crystal size spectra will be dealt with
separately in the three-dimensional convective
cloud model. Using this ameliorated model, the
hail suppression by seeding Agl is simulated to
analyze the microphysics of a hailstorm and the
evolution of artificial ice crystals. The results will

provide more scientific information for improving
the effect of weather modification.

2. Amelioration of numerical cloud model

In this paper the three dimensional
Convective Storm Model (referred to as
IAP-CSM3D) ®¥  developed by the Institute of
Atmospheric Physics (IAP), Chinese Academy of
Sciences (CAS), is improved. The artificial ice
crystals induced by cloud seeding and the natural
ice crystals are regarded as different kind crystals
and discretely processed in this model. In the
ameliorated model it is assumed that the artificial
and natural ice particles have the same
double-moment  parameterization and the
physical parameters with lower superscripts iz
stand for the ones which are related with the
artificial ice. This parameterization can forecast
the specific water content (Qiz) and specific
number concentration (Niz) of artificial ice
crystals which are produced by Agl particles. The
model can give us more accurate understanding
of cloud microphysics on the formation and
evolution of artificial ice particles if seeded.

3. Case brief

The weather in northern China was affected
by a low vortex on July 8, 2005, and at 15:02 to
15:12 Chaoyang City in the west of Liaoning
Province received a strong hailstone and heavy
rain attack, causing direct economic losses of



about 100 million Yuan. According to Doppler
radar observations at Chaoyang nearest to the
disaster area, it can be seen that at 14:26 a
strong convective storm appeared in the
northwest of the radar, its top height exceeded
more than 13km, and the maximum echo
reflectivity was over 50dBZ.. At 15:01 an embryo
curtain echo structure appeared in front of the
storm, as a strong hailstorm has.

4. Numerical simulations

Using the improved three-dimensional
convective storm numerical model, the above
hailstorm case was simulated. The radiosonde
data at Chifeng Sounding Station, which is
upstream the nearest to the hailfall shooting area,
at 08:00 July 8, 2005, was used as the initial
atmospheric  condition of the simulation.
Additionally, an appropriate adjustment in low
level atmosphere has been done by consulting
local ground conditions near to the hailfall
shooting area.

4.1 The simulation of natural hailcloud

The radar echo intensity of the simulated
natural hailcloud is 70 dBZ in maximum, at the
height of 6 km, and the echo top height is nearly
13 km. The actually measured radar echoes are
at 110 — 135 km from the radar station, the
maximum echo reflectivity is 55 — 60 dBZ,
appearing in the 6km height, the top echo are in
the vicinity of 13 km height. The comparison
indicates that the simulation of the natural
hailcloud is very consistent with the observation
in the radar echo top height, horizontal scale, and
echo structure and intensity.

The simulation also showes that during the
development stage of the natural hailstorm, its
updraft increases much faster. Its vertical velocity
reaches rapidly a maximum of 29.9 m/s at the 18
min of the simulation, and then it slows down.
Overall, this natural hailstorm has stronger
upward currents, develops more stably, and has

a longer lifespan, belonging to a strong
convective cloud. During the simulation period of
80 minutes, the total ground precipitation is
3731.5kt in which hailfall is 111.1kt. These
simulated results coincide with the facts.

4.2 The numerical simulation of seeded
hailclouds

(1) The general characteristics of seeded clouds

The scheme of seeding experiments is that
when the cloud is simulated by the 15 min, the
simulation starts to seed Agl particles in the cloud
for 13 minutes. The seeding location is in the
updraft zone of the cloud where is at 6km
altitudes. Table 1 gives the total rainfall and
hailfall amounts under different seeding dosages
of Agl.

As seen in Table 1, when Agl dosage
increases from 12g to 138g, the hailfall amounts
of seeded clouds have a decreasing trend and
they are less than those of the natural cloud.
Their rainfall amounts have an increasing trend,
but they are still less comparing with natural
clouds. When Agl dosage changes from 415g to
1341g, the hailfall amounts increase, but are still
less than those of natural clouds. Meanwhile,
there is a more rainfall amount of the seeded
clouds than that of the natural cloud. The seeded
hailstorm has the least amount of hailfall when
the seeding dosage is 66 -138g, reduced by
38.3% in hailfall comparing to the natural clouds.
This is the best hail suppression effect.
Furthermore, it is the best effect of seeding that
has hailfall decrease and rainfall decrease less or
increase when the seeding is made in the earlier
stage of hailstone formation (at around 12 min).
In this case, the simulated hailfall amount is
43.3kt (Table 2), decreasing 61.0%.

Simulation results show that the hail
reduction is obvious in 10 minutes after seeding.
From the hail formation mechanism to consider,
both graupel and frozen drops can become halil
embryo and grow as hailstone. It is obvious that
the simulated natural hailstorm takes frozen



drops as main source of hail embryo. In the
seeded cloud, the amount of frozen drops
conversing into hail embryos is only 55.03kt, up
to 79.58% of the total hail embryo amount, but
graupel conversing into hail embryos is just
14.12kt, accounting for 20.42%. This illustrates
that in both the seeded and natural clouds,
graupel embryos are not significant in the
formation of hailstone. Seeding has a significant
decrease in the total conversion amount of frozen
drop embryos to hail. This is main mechanism of
hail suppression for the hail clouds in which
frozen embryos take priority.

(2) Role of natural and artificial ice crystals in
seeding clouds

Table 3 gives the relative contributions of

natural and artificial ice crystals to mass
productions of snow (Ts), graupel (Tg), and
frozen drops (Tf). It can be seen from Table 3 that
during 60 minutes of simulation, the contribution
of artificial ice crystals to the total mass of snow is
smaller (only 27.3%), to the total mass of graupel
is 36.9%, furthermore the greatest contribution to
the total mass of frozen drops reaches 47.5%,
while natural ice crystals are 72.7%, 63.1%, and
52.5% for the corresponding contributions. These
results suggest that the contributions of artificial
and natural ice crystals to various ice-phase
precipitation particles are different; moreover, at
different stages their contribution ratio is also
different. What needs to be pointed out is that the
important results are impossible to obtain if using
the original model not to distinguish artificial ice
crystals from natural ice crystals.

Table 1 Total rainfall and hailfall amounts under different seeding dosages of Agl

Agl dosage (g) 0 12 40

66 138 415 670 1341

Hailall amount (kt) 111.05 76.34 70.83
Rainfall amount (kt) 3604.07 3518.25 3535.66

68.46 68.61 70.65 73.29 76.15

3549.81 3567.60 3638.88 3663.01 3700.18

Note: The null dosage of Agl means no seeding, which stands for the situation of natural clouds.

Table 2 Total precipitation amounts of different hydrometeors in natural and seeded clouds

Items spr spg spf spt
Natural clouds (kt) 3604.07 3.38 12.13 3730.63
Seeded clouds (kt) 3467.05 3.44 6.66 3520.42

Note: spt, spr, sph, spg, and spf stand for the total precipitation, rainfall, hailfall, graupel, and

frozen drops, respectively

Table 3 Contributions of natural and artificial ice crystals to mass productions of snow, graupel and frozen drop

CNis+ CNizs+

Time (min) Ts (kt) ClLis+ CLizs+ | Tg (kt)

CLif+ ClLizf+

CLi ClLiz Tf (kt
g g (kD CLrif ClLrizf

CLii Cliziz
0-30 468.32 0.8170  0.1830 95.01 0.5412 0.4588 | 49.18 0.5209 0.4791
30 - 60 887.70 0.7349  0.2651 23.04 0.9996 0.0004 | 13.73 0.5397 0.4603
0-60 1423.42 0.7271  0.2729 | 118.05 0.6307 0.3693 | 62.91 0.5254 0.4746

Note: Ts, Tg, and Tf stand for the mass of snow, graupel, and frozen drops through natural and artificial ice

crystals, respectively.



5. Summary

(1) The IAP-CSM3D three-dimensional hail-
storm numerical model has been ameliorated. In
the new model artificial ice crystals induced by
cloud seeding and natural ice crystals are
discretely considered and treated as different
predictands. Moreover, a double-moment size
distribution is adopted for artificial ice crystals to
more accord with fact. Natural cloud simulations
show that the improved model is more reliable for
such a hailstorm simulation.

(2) In this simulated hailstorm case, the frozen
drops form mainly in the development stage of
cloud, whereas graupel particles generate mainly
in the mature stage, and frozen droplets are the
main source of hail embryos. Hence, to reduce
hailfall in such a hailstorm, it is primary to restrain
the conversion of frozen drops into hail embryos
by seeding in an appropriate area of the hail-
storm.

(3) Especially in the earlier stage of hailstone
formation in the seeding cloud, seeding cloud
may have the best effect of furthest reducing halil
shooting and keeping a minimal reduction in its
rainfall amount. Analysis shows that in this
simulation case the primary cause of reducing
hailfall is that seeding can remarkably abate the
conversion amount of frozen drops into hail
embryos in the hailstorm.

(4) The simulation shows that the contribu-
tions of artificial and natural ice crystals to various
ice-phase precipitation particles are different.
Moreover, at different stages their relative
contribution ratios are different. The contribution
of artificial ice crystals to the total mass of snow is
smaller (only 27.3%), increasing contribution is to
the total mass of graupel (37%), and the greatest
contribution to the total mass of frozen drops (up
to 47%).
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ON THE PRECIPITATION FORMATION IN DESERT AND NEAR-DESERT REGIONS
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As it is known, at present the
desertification process affects the life of more
than 300 min people. About 1 bin of people living
in more than 100 countries, are subjected to the
menace of drought. In this conditions the advance
of the deserts is going on, which depends not
only on the climate but anthropogenic changes,
as well. According to the evaluations, the velocity
of the deserts advancing reaches 60 000 km 2 per
year.

In 1977 the International Plan of Activities
to Combat Desertification was adopted. A lot of
plans and strategies on the environment
monitoring and nature resources management
were worked out. However, there is no sensible
effect observed, and the problem of the land
degradation is being more and more acute in the
whole world which was stated by UNEP in 1991.
The appearance of Convention to Combat
Desertification is proving it, but this Convention
will fail if the main attention will not be paid to the
primary reasons of desertification process (both
anthropogenic and climatic ones).

The anthropogenic reasons of
desertification are known. They are such as the
extensive cattle grazing, cutting of woods,
ploughing of the land without necessary water
needed for irrigation, land salinization with the
extra irrigation and bad drainage, etc. These
factors facilitate the effect of the wind and water
erosion.

The climatic factors of desertification are
presented by the extremely low amount of
precipitation. Such situation in the desert areas is
determined by the downdroughts of the air in the
desert belt of the Earth caused by the trade-wind
circulation prevailing during the year. There is
also an opinion that the reason of such down-
droughts is the increased albedo of the deserts.

Not contradicting such explanations of
desertification | would like to note the following.
As it is known, the deserts and near-desert
regions are characterized by abundance of dust.
The huge places covered by sand and loess,
dryness of climate and frequent en occurrence of
strong winds, causing dust storms, create the
conditions for entry in to atmosphere of a large

amount of soil-erosive aerosol. According to the
conducted researches this aerosol has a
considerable fraction of solutes and
consequently is the active nucleus of
condensation.

The analysis of aerosols in Central Asia
demonstrates, that in arid aerosol the content of
gigantic aerosol particles increased by an order,
that was confirmed in the Soviet-American
experiment on investigation of arid aerosol. Even
in regions, which are a little distant from desert,
for example, near neighborhoods of Namangan
such situation is remained. Namangan is in the
northern part of the Fergana valley, and
surrounded on all sides by high (4000-5000 m
a.s.l.) mountains and only in west by narrow
mountain pass it appears on the plains of Central
Asia. This town is relatively removed from the
famous desert Kyzylkum. But, in spite of this, the
measurements made there, showed the
increased concentration of gigantic aerosols: the
particles with the size of 1 ym<r < 16 ym in a
surface layer of air were 2-3 cm?, increasing up to
10 cm?(Khusanov G. H etc., 1974). The results of
Soviet-American experiment have shown, that in
arid aerosol the increase of the contents of large
aerosol particles d>3-4 ym is accompanied by
decrease in 5-10 times of the contents of fine d<1
pm particles. Thus the function of distribution of
particles by size has a mode in the range of 40-
50 pm. In spectra of the areas and volumes of
particles the basic mode is displaced in the range
of 60-70 ym (Smirnov V. V., 1992). The increased
content of aerosol particles is marked as well at
altitudes. It concerns also ice nucleus. For
example, over the Kashkadarya valley at altitudes
up to 3000 m a.s.l. the concentration of ice
nucleus is 10-20 particles per liter (Abdukarimov
etc., 1988).

Now researches show the significant role
of giant and super-giant particles in formation of
germs of precipitation. Easily to itself to present,
that at various concentration of such particles the
various conditions for growth of cloudy particles
are created: independent coagulation growth is
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possible only up to some critical concentration of
giant and super-giant particles. At concentration
exceeding critical, the particles impede each
other and, hence, growth of cloudy particles up to
the sizes of particles of precipitation’s is
hampered, and in some cases is not reached at
all.

The increased concentration of gigantic
aerosols in desert and near-desert regions
creates here the limitations in coagulation growth
of cloud particles as a result of which the
capability of occurrence of precipitation particles
is restricted. Therefore in these regions it is more
expedient to increase the precipitation,
probability, not by cloud seeding, but on the
contrary, by the cleaning of atmosphere from
nucleus of condensation up to an optimal level.
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1. Introduction

The three rivers origin district in China is the
source of the Yangzi River, Yellow River and
Lang Cang River. It is located at the northeast of
Tibet plateau on the northwest China and is
called the water tower of China. The three rivers
origin district of the natural safeguard was set in
May,2000 by the state of Qinghai province and
was confirmed by State Department of
P.R.China in Jan. 2003. The development
expectation of the three rivers origin district of
the natural safeguard is to safeguard the
availability of the special fresh water source, to
improve the vegetation cover, to protect the
biodiversity and its particularity, and so on.

The situation of the precipitation in the district
influences the climate and the ecosystem of the
drainage region of the three rivers. Water
source is the key factor to the environment of
the three rivers origin district of the natural
safeguard. The precipitation is the most
important source of the fresh water in the
district and is the source of the snow cover
and the ground water. Based on the month
mean of the vapor pressure and precipitation
data from 1971-2000 recorded by the 14
weather stations of the district, it was discussed
that the potential precipitation and the transition
efficiency of the precipitation with empirical
formula about the atmospheric precipitable
water. The vapor environment, the potential
precipitation and the transition efficiency of the
precipitation in the different season is analyzed
to understand the condition of the precipitation
for improving the technique of the precipitation
enhancement operation.

Most of the Tibet plateau is desolate and
there is only 5 site routine on the 31 ><10*km? in
the margin of the three rivers origin district in
Qinghai province, so the cognition for the vapor
and the precipitation of the district is lack. The
empirical formula about the atmospheric
precipitable water is generalized by Yang

Jingmei and Qiu Jinhuan for giving the function
of the total precipitation with the routine
meteorological factor observed on the ground.
The potential precipitation and the transition
efficiency of the precipitation of the 14 weather
stations in the different seasons are calculated
with the vapor pressure and the rain gauge. It is
a useful method for understanding the vapor
resource in the district without the radsone data.

The potential precipitation is a very important
factor on the analysis of the condition of the
precipitation and the operation cloud seeding. It
means that the rain gauge comes from the total
of the atmospheric vapor to coagulate the
rainfall. Yang Hongmei et al think that the rain
gauge exists a relation with the total vapor
quantity in the 24 hours. According to the
geography character of Tibet plateau, the
potential precipitation and the transition
efficiency of the precipitation in the past 30
years in the three rivers origin district is
analyzed.

2. Data and the method of the calculation
of the potential precipitation

2.1 Data

The three rivers origin district in China is from
89°24' 102°23' E, 31°39' 36°16' N, and its
area is 31 800 000 ha. The start day and the
end day of the different seasons have
prodigious differences in the district. Here the
winter of the district is set from Dec. to the
coming year of Feb., the spring is from Mar. to
May, the summer is from June to Aug. for the
data consistency, respectively.

The mean month of the vapor pressure and
the rain gauge of the 14 weather stations in the
different seasons are calculated with the
formula (3) from 1971 to 2000 in the three rivers
origin district in China.

2.2 The method of the calculation of the
potential precipitation

The potential precipitation calculated by the
1



vapor pressure value on the ground with the
data has a higher precision than that by the dew
point value in the northwest of China, thus the
potential precipitation calculated by the
empirical formula about atmospheric rainfall with
the vapor pressure value on the ground. The
empirical formula is

W=a,+a,e+a, e’ 1

Where W(mm) is the potential precipitation, e

hPa is the vapor pressure value on the
ground, anda® a' o are the empirical
coefficient, respectively. a=0 (except the south
of China), then W is the linearization function
with e.

W=a,+a,e 2
0.03exp(—1.39H? + 2.74H +0.15)

(except Tibet plateau ¢ > 33°
0.04exp(0.6H) —d, +d,

(except Tibet plateau ¢ < 33°)
—0.02(in Tibet plateau

0.07 +d,

(except Tibet plateau ¢ > 33°
(0.2-d;)d,

(except Tibet plateau ¢ < 33°)

(in Tibet plateau
3 0.05
' (p-25.0>+0.25

d - 0(p > 20%)
2 1= 0.9(p < 20

_0.066
° (p-33)°+4.41

* o 13(e, #0)

Where @(°E)is the geography latitude and
H(km)is the level over sea.

As a result, the potential precipitation in the
three rivers origin district in China is calculated

{1.0(%' > 0)

0.185exp(0.11H ? +0.995H +1.980)

with the fellow formula:

W =-0.02+0.185Exp(0.11H?
+0.995H +1.98) e

3. The temporal character of the potential
precipitation in the district

3.1 The month evolution of the potential
precipitation in the district

The mean month of the potential precipitation
in the district is calculated by the formula (3). It
shows that the mean month of the potential
precipitation is from 575.31 4103.57mm.The
maximal value is 8212.88mm in July at
Wudaoliang station, and the mean month
precipitation is 4103.57mm in July in the district.
The minimal value is 265.35mm in Jan. at
Banma station, and the mean month
precipitation is 575.31mm in Jan.

Fig.1 is the monthly evolution of the potential
precipitation from 4 stations of these 14 stations
data. It shows that the monthly evolution of the
potential precipitation is mono-peak value with
the minimal value in Jan. and the maximal value
is July. The potential precipitation decreases
rapidly in Oct. and Dec.
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Fig.1 The mean month of the potential
precipitation mm from 4 stations of these
meteorological stations in the district

3.2 The seasonal mean evolution of the
potential precipitation in the district

Table 1 is the seasonal evolution of the
potential precipitation in the district calculated
by the formula (3). It shows that the maximal
value is 7574.1 mm in summer at Wudaoliang
station. The minimal value is 300.73 mm in
winter at Banma station. Fig.2 is the seasonal
mean evolution of the potential precipitation with
4 stations of these 14 stations data. It shows
that the seasonal evolution of the potential



precipitation is mono-peak value too. The mean
minimal value is 611.6 mm in winter and the
mean maximal value is 3808.89 mm in summer.

Table.1 The seasonal mean potential
precipitation in the district
site The mean season of the potential precipitation/mm
spring summer fall winter
tuotuohe 2492.65 7049.57 3427.40 973.68
wudaoliang 2828.87 7574.10 3787.04 1231.92
yushu 888.69 2086.51 1174.62 355.46
gingshuihe 2684.26 6170.74 3239.63 987.30
zhiduo 1619.01 4330.41 2262.72 643.69
langgian 845.10 2029.72 1162.92 353.92
qumalai 1509.59 3928.83 2012.79 580.60
zaduo 1527.04 3778.27 2015.07 645.44
maduo 1820.41 4387.69 2240.52 746.83
maxin 893.66 2010.75 1083.98 330.97
dari 1372.69 3033.38 1673.38 509.84
gende 154154 3464.67 1846.80 564.71
banma 760.70 1645.26 937.61 300.73
jiuzhi 885.62 183451 1040.25 337.36
mean 1547.85 3808.89 1993.20 611.60
4 The transition efficiency of the
precipitation in the three rivers origin
district

The transition efficiency of the precipitation is
the ratio of the potential precipitation in the
precipitable cloud with the rainfall coagulation
value in cloud. Wang et al. set E to be the
transition efficiency of the precipitation, the ratio
of the rainfall value in the total vertical
atmosphere with that the total of the liquid water
value, and 1-E be the potential precipitation.
PCE is the ratio of the potential precipitation to
the rainfall. According Li et al. PCE is that R (the
total quantity of the rainfall in month, season, or
year; respectively) divided by W (The potential
precipitation in month, season, or year;
respectively) and multiply 1000.
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Fig.2 The seasonal mean of the potential precipitation
from 4 stations of these14 stations in the district

4.1 Monthly variation of the transition
efficiency of the precipitation in the district

Monthly mean of the transition efficiency of
the precipitation in these meteorological stations

in the district was analyzed. Fig.3 shows the
monthly mean transition efficiency of the
precipitation calculated with the data of 4
stations of these 14 stations in the district.
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Fig.3 Month mean of the transition efficiency of the
precipitation from 4 stations of these
meteorological stations in the district

The maximal value of the monthly transition
efficiency of the precipitation in the district is
38.00%o in June, and the minimal is 5.44%o in
Dec. The maximal value of the month of the
transition efficiency of the precipitation in the
district is 83.93%0 in June at Banma station, and
the minimal is 0.60%. in Nov. at Wudaoliang
station respectively. The curve of the transition
efficiency of the precipitation shows two peak
values. The first peak value is in June and the
second is in Sep. The lower value is in Aug.
relatively. It may be caused by the influenced of
the high pressure system of the Tibet plateau in
Aug.

4.2 Seasonal variation of the transition
efficiency of the precipitation in the district

Table 2 is the seasonal mean transition
efficiency of the precipitation in the district. Fig.4
shows the seasonal avegared transition
efficiency of the precipitation calculated with the
data of 4 stations of these meteorological
stations in the district.

Table.2 The seasonal averaged transition efficiency of
the precipitation in the district %o

site the seasonal mean efficiency of the
precipitation%o
spring  summer fall winter

tuotuohe 3.33 9.05 5.31 157
wudaoliang 4.04 8.09 4.58 1.22
yushu 29.63 46.04 30.71 9.76
gingshuihe 10.54 16.03 11.47 6.05
zhiduo 9.94 19.26 13.38 4.20
langgian 28.55 53.11 34.63 9.24
qumalai 12.32 21.27 14.95 5.05
zaduo 16.20 28.71 19.90 9.76
maduo 9.32 14.55 10.16 4.86
maxin 30.96 50.53 34.44 8.46
dari 23.17 34.10 24.68 9.87
gende 20.82 28.21 21.24 10.09
banma 57.22 71.54 61.36 17.52
jiuzhi 56.99 71.30 60.05 17.10
mean 22.36 33.70 24.78 8.20

The maximal value of the seasonal mean of



the transition efficiency of the precipitation in the
district is 33.70%0 in summer, and the minimal is
8.20%0 in winter. from Table 2 and Fig.4. The
second high value is 24.78%. in fall and the
third high value is 22.36%. in spring. The curve
of the transition efficiency of the precipitation
shows a mono-peak value.

5 Conclusions

5.1 Based on the monthly mean water vapor
pressure and precipitation data from 1971-2000
recorded by the 14 weather stations over the
three rivers origin district in China, it shows that
the mean month of the potential precipitation is
from 575.31 4103.57mm.The potential
precipitation is a mono-peak value curve, with
the minimal value is in Jan. and the maximal
value is in July. The potential precipitation
decreases rapidly in Oct. and Dec.
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Fig.4 The seasonal averaged transition efficiency of the
precipitation in the district

5.2 The seasonal evolution of the potential
precipitation in the district is that the maximal
value is 7574.1 mm in summer at Wudaoliang
station. The minimal value is 300.73 mm in

winter at Banma station.And the potential
precipitation is mono-peak value.

5.3 The maximal value of the mean month of
the transition efficiency of the precipitation in the
district is from 5.44%. in Dec. to 38.00%. in
June, The maximal value of the month of the
transition efficiency of the precipitation in the
district is 83.93%0 in June at Banma station, and
the minimal is 0.60%. in Nov. at Wudaoliang
station respectively. The curve of the transition
efficiency of the precipitation shows two peak
values. The first peak value is in June and the
second is in Sep. It indicates that there is more
potential to precipitation enhancement in June
and in Sep..

5.4 The maximal value of the seasonal mean
of the transition efficiency of the precipitation in
the district is 33.70% in summer, and the
minimal is 8.20%. in winter. The curve of the
transition efficiency of the precipitation is
mono-peak value.
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Analysis for The Aerosol Spectral Fitting

Xingmin Zhang, Zhihui Wu, Ying Duan, Yupeng Deng, Yan Jiang and Zhijun Zhao™
Wweather Modification Office of Hebei Province, China, 050021, zxm456@163.com

1. Introduction

Although the size spectra of atmospheric
aerosols have great variety, people can still
describe them by some
expressions. For comparison and theoretic study,

mathematical

the parameterization of aerosol spectrum is very
important. Zhu et al. (1982) analyzed the aerosol
spectrum and Chen et al. (1996) fitted the surface
aerosol spectrum. This paper is to present a case
study on 17 November 2004 by using four
functions to fit the aerosol spectrum.

2. Instrument and data

A Piper Cheyenne IlIA was used for
observation with max flight altitude of 8000 m.
The PMI PCASP-100X probe measured the
aerosols with diameter 0.1-3 ym. The observation
was made on 17 November 2005. The aircraft
took off from Zhengding Airport where 35 km
away from Shijiazhuang, and then spirally
ascended to 7825 m.

The vertical distribution of aerosol
concentrations is shown in Fig.1. The vertical
aerosol spectral data were processed by every
500 m averaging. The total 16 samples were
obtained.
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Fig.1 Vertical distribution of aerosol concentrations

3. Functions and method

The following four functions were used for
fitting the aerosol spectrum at different altitudes,
(1) negative
N(D)=Noexp(-AD),(2) second order ' function
N(D)=N0D2exp(-)\D),(3) multi order I function
N(D)=NyD"exp(-AD) and negative power function
N(D)=AD™. Where N(D)=dN/dD, No, A, n, A, b
and a are parameters.

exponential function

First we converted all the functions to one
variable or multiple linear models, and got
regression coefficients by least-squares method.
Then the F-test (Xiang et al., 1991) was used for
testing regression equations, and the correlation
coefficient r and standard error S of regression
equation also were calculated. The results are

Godek??

shown in Table 1 (“**"represents very significant

Gdek

level with a = 0.01 and
level with a = 0.01).

represents significant

4.  Analysis

Negative exponential function
N(D)=Noexp(-AD) was used for fitting. 13 samples
below 6500m of all 16 samples passed the test
with confidence a = 0.01. 3 samples above 6500
m didn’t pass the test with a = 0.01 but passed
test with a = 0.05. Between 2000 — 4500 m, the
correlation coefficient r was more than 0.9, but
with the height increasing above 4500 m, r
became smaller. At 7750 m, r was only -0.63.
Below 2000 m, r became smaller with height
decreasing. Between 2000 - 4500 m, the
standard error S of regression equation was 1.3 —
1.7. S was 2.37 - 2.53 below 2000 m. Above
4500 m, S became larger obviously, it was 2.23 —

4.29. Between 1000 — 5000 m, the spectra were



Table 1 The fitting results and F-test

Altitude Spectral| Negative exponential Second

Multi orderfunction Negative

width function orderl function Power function

™ 1 @m) [ R | s |Sgfee| R | S

Significance R S |Significance | R | S [Significan

250 | 3.00 |-0.69 | 2.46 ** -0.81 | 3.13

** 0.88 |1.70 ** -0.84/1.83[ **

750 | 2.00 |-0.88 | 2.43 ** -0.90 | 3.07

** 0.99 |0.56 ** -0.980.90[ **

1250 | 0.90 | -0.87 | 2.53 ** -0.90 | 2.88

** 0.98 |1.02 ** -0.96/1.41f **

1750 | 0.50 | -0.89 | 2.37 ** -0.91 [ 2.63

** 0.96 |1.54 ** -0.9511.55[ **

2250 | 0.35 [-0.95|1.38 ** -0.96 | 1.45

** 0.95 |1.42 ** -0.95(1.28] **

2750 | 1.20 |-0.93 | 1.70 ** -0.94 | 212

** 0.98 |0.92 ** -0.980.87 **

3250 | 0.70 |[-0.96 | 1.32 ** -0.96 | 1.50

** 0.97 |1.17 ** -0.971.12f **

3750 | 0.50 |-0.92 | 1.59 ** -0.94 [ 1.80

** 0.95 |1.37 ** -0.9511.25[ **

4250 | 0.50 |-0.95| 1.40 ** -0.96 | 1.51

** 0.96 |1.38 ** -0.96/1.28[ **

4750 | 0.70 | -0.89 | 2.23 ** -0.91 | 245

** 0.95 |1.64 ** -0.94(1.61f **

5250 | 2.50 |-0.71| 3.45 ** -0.80 | 4.18

** 0.94 |1.73 ** -0.882.29 **

5750 | 3.00 | -0.67 | 3.28 ** -0.78 | 4.03

** 0.93 |1.64 ** -0.862.22| **

6250 | 3.00 |-0.65 | 3.61 ** -0.76 | 4.36

** 0.93 [1.81 ** -0.852.48[ **

6750 | 0.90 | -0.65| 4.29 * -0.74 | 4.90 ** 0.94 |2.11 ** -0.852.95( **
7250 | 3.00 | -0.64 | 3.61 * -0.76 | 4.34 ** 0.92 |1.97 ** -0.84[2.55( **
7750 | 3.00 | -0.63 | 3.61 * -0.75 | 4.36 ** 0.93 |1.81 ** -0.842.51| **

narrow, and most spectral widths were less than
1um. Below and above the level between 1000 —
5000 m, the spectral widths were wider. Using
negative exponential function for fitting, it is better
for the middle level and it is worse for low level
and high level.

The second order r function
N(D)=N0D2exp(—)\D) fitting result shows all the
total 16 samples passed the test with a =
0.01.Between 500 — 5000 m, the correlation
coefficient r reached -0.9. Above 5000 m, r was
-0.74—-0.8.Below 500 m, r was -0.81. Between
2000 — 4500 m, the standard error S was small
and it was 1.45 — 2.12. S was 2.63—3.13 below
2000 m. Above 4500 m, S was 2.45—4.90. r is
better by using second order I" function than that
by using negative exponential function, but S by
using second order I" function is larger than that
by using negative exponential function.

The multi order I function
N(D)=NyD"exp(-AD) fitting result show that all the
total 16 samples passed the test with a = 0.01.
Below 500 m, the correlation coefficient r was
0.88. r was more than 0.9 at other altitudes.
Between 6500 — 7000 m, the standard error S
was 2.11, and S was less than 2 at other
altitudes.

The negative power function N(D)=AD™
fitting result shows that all the total 16 samples
passed the test with a = 0.01. Between 500 —
5000 m, the correlation -coefficient r was
-0.94—-0.98. Below 500 m, r was -0.84. Above
5000 m, r was -0.84—-0.88. Below 5000 m, the
standard error S was 0.87—1.83. Above 5000
m,S was 2.22—2.95.

Above results show that multi order I
function is the best for fitting the spectrum of
aerosols with diameter in 0.1 — 3 um of all four
functions. The negative power function
N(D)=AD™ is better for fitting below 5000 m and it
is worse above 5000 m. The other two functions
N(D)=Ngexp(-AD)and N(D)=N0D2exp(—)\D) are
worse for fitting except at middle level where the
spectra were narrow.

Fig.2-Fig.7 show the comparisons of
observed spectrum with fitted spectrum by four
functions at six different levels. It can be seen
that the spectra fitted by negative power and
multi orderl function are close to the observed
spectrum. The spectrum slope fitted by negative
exponential function can better reflect the
spectral width at different altitudes. It only has
better fitting result when the spectrum is narrow
by using the second orderlfunction.
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5. Conclusions

The four functions of negative exponential
N(D)=Noexp(-AD), second order T
function N(D)=N0D2exp(—)\D), order T
function N(D)=NyD"exp(-AD) and negative power
function N(D)=AD™ were used for fitting the
aerosol spectrum at different altitudes. Most

function
multi

samples passed F-test with a=0.01.

The analyses of the correlation coefficient r
and the standard error S show the best fitting
result  with multi order I function
N(D)=N¢D"exp(-AD) at different altitudes. The
negative power function N(D)=AD™ is better for
fitting below 5000 m and it is worse above 5000
m. The other two functions of N(D)=Ngexp(-AD)
and N(D)=N0D2exp(—)\D) are worse for fitting
except at middle level.
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The Study of Aerosol Vertical Distribution over Shijiazhuang in Spring
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1. Introduction

Aerosols have been studied by many
works (Zhou et al., 1981; Chen et al., 1996; Shi et
al.,, 1996; Sun et al.,, 1996; Wang et al. 1994).
There exists great difference in temporal and in
spatial distribution. Based on the aircraft
observation data, this paper is to present the
vertical distribution characteristic and spectra of
aerosols over Shijiazhuang in spring of 2005.

2. Data

The Cheyenne IlIA was used for
observation with max flight altitude of 8000 m.
The PMI PCASP-100X probe measured the
aerosols with diameter 0.1-3 um. The observation
was made from 1405 to 1537 (Beijing Time) on
20 March 2005. The aircraft took off from
Zhengding Airport and then spirally ascended to
7830 m. The sky was covered by Cirrus during
noon and Shijizhuang was governed by a high
pressure system in surface at 1400.

3. The vertical distribution of aerosol
concentrations

Fig.1 shows the vertical distributions of
aerosol concentration, aerosol mean diameter
and temperature.

It can be seen from Fig.1 that the vertical
distribution was even below 1000 m with
concentrations 4700 - 5300 cm™. The averaged
concentration was 5000 cm™. The concentration
decreased obviously with height increasing
between 1000 - 2700 m. It decreased to 200 -
300 cm™ at 2700 m by a factor of about 20. It
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Fig.1 Vertical distributions of aerosol

concentration (N), aerosol mean diameter (D) and
temperature (T)

increased with height increasing between 2700 -
5500 m with low rate. It had an obvious increase



with the increase of height between 5500 - 7800
m. The concentration increased from 700 cm™ to
26500 cm™ by a factor of about 40.
Corresponding to the vertical distribution of
concentrations, the mean diameter had less
change below 1000 m. It obviously decreased
from 1.5 - 1.8 ym to 0.1- 0.2 ym between 1000 -
2700 m. It was about 0.1- 0.2 um between 2700 -
5500 m and reached 2 ym between 5500 - 7800

m.
4.  The analysis on spectra of aerosols

We processed the spectra data by an
average every 500 m and got 16 samples. The
total 16 sets sample data were used for fitting by
four functions. Then F-test was made .The
correlation coefficient r and standard error S of
regression equation also were calculated. The
results are shown in Table 1.

5000 m. The other two  functions
N(D)=Ngexp(-AD)and  N(D)=NoD?exp(-AD) are
worse for fitting except at middle level where the
spectra were narrow.

5. Conclusions

The show different

characters of aerosols in different altitudes. The

vertical profiles
aerosol concentrations were between 4700-5300
cm™ and mean diameters were between 1.5 - 1.8
um below 1000m. The concentrations clearly
decreased with height increasing between 1000 —
2700 m, they dropped to 200 — 300 cm™ and
mean diameters dropped to 0.1 - 0.2 ym at 2700
m. The concentrations increased slowly with
height increasing and the mean diameters were
about 0.1 - 0.2 um between 2700 — 5500 m. The
concentrations increased obviously with height
increasing and raised from 700 cm” to 26500

Table 1 The fitting results and F-test

Altitude| Second orderlfunction Multi orderl"function Negative exponential Power function

(m) i s r i s r f s r f s r

250 39.84 3.44 0.87 2.67 7.34 0.55 29.51 2.64 0.83 209.88 1.15 0.97
750 60.68 2.88 0.91 2.23 7.70 0.52 48.09 217 0.89 157.58 1.30 0.96
1250 89.66 2.30 0.93 1.79 7.76 0.48 62.46 1.82 0.91 61.71 1.83 0.91
1750 | 153.31 1.70 0.96 1.83 7.45 0.50 109.03 1.36 0.95 57.91 1.79 0.91
2250 31.80 2.85 0.85 1.33 6.61 0.44 8.22 3.18 0.64 2.92 3.70 0.44
2750 17.70 3.61 0.77 3.23 4.97 0.61 3.88 412 0.49 0.68 4.61 0.23
3250 6.16 3.58 0.66 1.37 5.84 0.53 0.99 4.06 0.33 0.02 4.29 0.05
3750 | 109.62 1.29 0.97 0.90 6.70 0.45 48.60 1.29 0.93 24.02 1.71 0.87
4250 62.15 1.31 0.95 0.37 7.51 0.33 23.38 1.33 0.88 14.26 1.59 0.82
4750 26.25 1.67 0.90 0.22 7.89 0.29 10.13 1.65 0.79 8.21 1.76 0.76
5250 0.00 4.26 0.02 217 6.45 0.62 1.70 5.01 0.42 6.85 4.05 0.68
5750 1.51 4.1 0.38 2.91 5.69 0.65 6.91 4.52 0.66 12.02 3.93 0.76
6250 4.95 3.56 0.54 4.82 4.94 0.68 19.42 3.48 0.79 14.37 3.80 0.74
6750 1.26 3.12 0.31 2.86 4.64 0.58 14.87 2.80 0.74 7.93 3.26 0.63
7250 2.30 3.38 0.40 3.34 5.71 0.61 22.37 2.60 0.81 5.06 3.68 0.54
7750 0.00 3.93 0.00 3.36 4.79 0.62 5.09 3.09 0.55 0.42 3.63 0.18

Above results show that it is best for fitting
the spectrum of aerosols with diameter in 0.1 — 3
pMm by multi orderlfunction of all four functions.
The negative power function N(D)=AD™ is better
for fitting below 5000 m and it is worse above

5500 —
diameters reached 2um.

cm® between 7800 m, the mean
Between 2500 — 5000 m, the spectra were
narrow with diameter less than 1um. Fitted by

negative exponential function, the spectra slopes



were 10 - 33.8. The spectra were wide below
2500 m and above 5000 m, the slopes were 4.6 -
5.1 and 2.9 - 4.2 respectively. Above 5000 m, the
spectra became wider, the concentrations
increased clearly but there no increase with
particle diameters in 0.17 - 0.2 um.

Multi order I function N(D)=D"Exp(-AD)
can be better used for fitting the spectra at
different altitudes.
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Abstract

The Russian automated rocket tchnology of hail suppression (Abshaev M.T., Sulakvelidze G.K.,
Burtsev I.1., Abshaev A.M. et al, 2006) is successfully applied in the Russian Federation, the countries of the
CIS and Argentina and continuously improved on the basis of the newest scientific and technical
achievements. For perfection of technical base of technology during last 3 years were created the new
version of radar control system for management Antihail operations “ASU-MRL 6.1", more effective small-
sized rockets and rocket launchers with remote computer management. These means provide optimization

of technical hail suppression system and reduce its cost.

1. Introduction

The Russian rocket technology of hail
suppression is based on the concept of
precipitation acceleration in the zones of new
growth of hailstorms (Abshaev M., 2003). Its
realization demands enough precise radar
localization of seeding place and creation of initial
concentration of crystallizing particles alon%
trajectories of rocket seeding not less than 10" m
(Abshaev A., 2003; Abshaev A., Jekamuhov, in
this book). The seeding volume represents as
cloud layer with thig:kness of 1 km at the level of
temperature -6 £ 3 *?, having on horizontal section
area from 10 up to 200 km? depending on stage of
development and hailstorms scale. New means of
cloud seeding are developed under the
requirements of technology for better realize
seeding concept. The radar system for seeding
control should provide the fast volumetric scan,
recognition of hail and hail potential clouds,
reception of three-dimensional structures of cloud
cells, definition of the hailstorms type,
measurement of their one-, two- and three-
dimensional parameters, allocation of seeding
objects, calculation of coordinates for rockets start
and estimation physical efficiency after seeding.
Rocket complexes should provide exact delivery of
crystallizing agent on required height in a required
dosage.

2. Radar system*” ASU-MRL 6.1"

2.1. Automated Radar System ASU-MRL
6.1" is more informative than previous versions —

ASU “Antigrad” and “ASU-MRL 5.0" (Abshaev,
2003). ASU-MRL 6.1” can be installed on any
meteorological radar. It provides automatic control
of the radar turning on/off, control of its units,
automatic rotation of antenna, volumetric space
scan with periodicity about 3 minutes, analog-
digital conversion and averaging of the radar
signals simultaneously on two wave lengths (10
and 3.2 cm) and their input into USB slot of
personal computer. Each scan cycle contains
data on 18 serial vertical angles, 360 azimuthal
increments and 400 range increments with or
without elimination of radar echo from local
objects. Two modes of maximal scanning radius
are provided — 208 and 416 km with resolution 0.5
and 1 km correspondingly (Abshaev M.T.,
Abshaev A., Kotelevich, Sirota, 2006). The
complex of software (Abshaev A. and Jarashuey,
2006) allows displaying of one or simultaneously
several maps (in separate windows):

- Map of the weather dangerous
phenomena (hail, thunderstorm, squall, shower of
catastrophic intensity and connected to it high
water, flash flood and mud-flows, intensive
snowfall;

— Horizontal section of clouds at any height
from O up to 16 km through 0,5 km;

— Vertical sections of clouds in any given
direction;

— Maps of intensity J (mm/h) and amount of
precipitation Q (mm) on 15 gradation;

- Maps of the top and bottom border of
clouds radar echo and maximal reflectivity Zp
(dB2);



— Maps of the size and kinetic energy of
hail;

- Maps of the damage rate K (%) and
damage from hail Y ($/ha) for three cultures
(grapes, wheat and corn) on which there are
correlation connections of damageability with
kinetic energy of halil;

- Map of the of water contents as rain and
hail in volume unit q (g/m3);

- Maps of the water content integrated on
all height of the cloud gs (kg/mz), and also on cloud
layers above isotherm 0 °? ?qy and above
isotherms - 6 °? ?q.¢ (kg/m°);

- Maps of seeding object categories and
two level sections for management of clouds
seeding etc.

2.2. The system “ASU-MRL 6.1" provides
measurement and construction of the time course
diagrams about 100 of one-, two- and three-
dimensional parameters of clouds, including:

— Coordinates of radar echo (azimuth,
distance R), radar reflectivity Z (dBZ);

- Heights of radar echo maximum Hz,, and
top border Hr (km);

- Heights of radar echo top above isotherm
0 °? with Z = 65, 55, 45 ... 15 dBZ: ?Hgs = Hgs -
Ho, ?H55, ?H45 ?H15 (km),

— Direction and speed of clouds moving;

- Volumes of radar echo with Z = 65, 55,
45 ... 15 dBZ: Ves, Vss, Vs ... Vis (km);

- Same volumes above isotherm -6 °?:
?Ves, ?Vss, ?Vss... ?Vis (km3),

— Volumetric integrated rain and hail water
content in volumes with Z > 65, 55, 45 ... 15 dBZ:
Mgs, Mss, Mgs ... Mys (tons);

— Volumetric integrated water content in
volumes above level -6 °?: ?Mess, ?Mss, ?Mss
...?My5 (tons);

- Area of radar echo (Sg), area of
precipitation (Sp;) and area of hail fall (Sy).

2.3. The system «ASU-MRL 6.1» provides:

— Opportunity of radar remote control on
radio and satellite communication;

- Management of antihail operations
including recognition of hail and hail potential
clouds, allocation of seeding volumes, optimum
selection of rocket points, calculation of required
number of rockets and coordinates of their
shooting, transfer and the control of execution of
commands on rockets start with consideration of
forbidden sectors, interaction with aircraft bodies,
direction of hailstorms movement and agent
dosage;

— Preparation and coding of radar data into
code FM-94 BUFR and transfer of the information
packages to the radar network of storm warning in
WMO standard;

— Creation of archive of volumetric scan
files, maps of the meteorological information and
documentation on clouds seeding (maps and
reports of seeding, Kkinetic energy of hail,
coordinates and time of rockets start etc.).

2.4. Automatic calibration of the radar in
each scan cycle, simultaneous processing of the
information on two wave lengths and mode of
round-the-clock automatic observation with record

of volumetric scan files is envisaged.
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Figure 1. The block-schema of «<ASU-MRL 6.1».
3. New antihail rockets

One of the main inalienable conditions of
successful hail suppression is the realizations of
the seeding concept by the used means. On the
basis of numerical modeling of rocket and artillery
seeding of hailstorms (Abshaev A.M., 2003) it is
established that in case of super-power
hailstorms with intensive turbulence and high
LWC it is reasonable to increase initial
concentration of crystallizing particles along
trajectories of seeding in 5 - 10 times. In this
connection by authors of the given work are
developed the new small-sized antihail rockets
providing increase of crystallizing particles output,
increase of seeding radius up to 11 - 12 km and
optimization of flight trajectories.

3.1. For equipment of these rockets several
mixtures of ice forming rocket fuel with 2 - 4 % Agl
content (Abshaev, Zorin, Miheev, Talalaev, 1999)
are developed. At burning of this mixture Agl is
sublimated and entered into cloud together with
products of rocket fuel combustion. It allowed to
combine functions of the aerosol generator with
fuel cartridge of the engine and to provide optimum
conditions for formation of enough large and active
crystallizing particles. Tests of ice forming fuel of
the rocket "Ac" with 2 % of Agl in the wind tunnel at
100 m/s airflow velocity carried ait in Research-
Production Association "Typhoon" have shown that
output of active particles makes 110" and 410"
per gram at temperature - 6 °C and -10 °?
respectively. Besides it is achieved high crystal
forming kinetic (80 % of particles has shown
activity during 2 minutes after introduction in the
cloud environment).
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Figure 2. Output of active ice forming particles
from 1 g of fuel cartridge of the rocket "Ac" (mixture
126) at 100 m/s airflow velocity. Solid curve - full
output, dotted curve - in the first 2 minutes.

3.2. Rockets of new generation "Ac", "Alan-
2", "Alan-3" and "Darg" considerably differ from
analogues (Abshaev, Stasenko, Nesmeyanov,
Korneev, et al, 2003) and have advantages before
analogues due to the following new technical
decisions:

— Application of ice forming rocket fuel allows
to simplify a design of rocket, to reduce in 2 -3
times dimensions, weight and cost of rockets, to
raise ice forming efficiency in 3 - 5 times (Abshaev,
Zorin, Miheev etc., 1999);

— Application of the starting accelerator
provides high speed of an exit from directing
launcher that reduces influence of ground wind on
accuracy of flight;

— Continuous work of the engine from start
up to the end of trajectory allows receiving the
increased range of flight and flat trajectories,
optimum for seeding of required cloud layer;

— Almost constant and rather small speed of
flight demands smaller amount of fuel and
reduction of fuel weight allows to reduce rocket
caliber, to decrease frontal resistance and to
reduce many times starting weight;

- Packing of empennages into body of
rockets "Alan-2", "Alan-3" and "Ac" allows to carry
out their start from a smooth pipe that provides an
opportunity of minimization launchers dimensions;

—Small dimensions simplify problem of
blasting worked rocket body on safe splinters with
use of small explosive charge.

On figure 3 are shown the new antihail
rockets:

— Rocket “Ac” with 56 mm caliber (Abshaev,
Miheev, Kratirov, Zorin, Talalaev, 2006);

- Rocket "Alan-3" with 56 mm caliber
(Abshaev, Zykov, loffe, Konyuhov, Zorin, Talalaev,
2006);

— Rocket "Darg" with 60 mm caliber
(Abshaev M.T., Nesmejanov, Shakirov, Talalaev,
etc.).

Figure 3. Small-sized antihail rockets "Ac", "Alan-
3" and "Darg" (from left to right).

Table 1. The basic characteristics of used and
new Russian antihail rockets

Used rockets Rockets of new

Characteristics generation
?laza
n-6 Alan-2 | Alan-3| Darg | Ac
Caliber, mm 82,5 69 56 60 56
Length, mm 1402 | 920 930 | 1200 | 613

Flight mass, kg 8,8 4,4 2,4 45 1,88

Agentmass, kg | 0,63 2,2 1,0 0,7 1,0

Agl contents, g 26,4 44,0 20,0 | 44,0 | 20,0

Outputofcrysta!. 7005 10 | 2m0%| 10 | 2m0%
particles at -10 °?

Effective radius,

10,5 | 12,0 | 11,0 9,0 13
km

Length of

S 7,0 10,0 9,0 8,0 11,5
seeding line, km

Speed of exit
from launcher, 23 110 110 55 60

m/s

Reliability of 0,9995 0,9990| 0,999|0,99950,9995

safety system

4. Rocket launcher "Elia"

For start of existing rockets and rockets of
new generation unified rocket launcher "Elia" (see
fig. 4) with automated management from “ASU-
MRL 6.1" and semi-automatic remote control from
Notebook (Abshaev, ?uznetsov, Cherkashin,
Kairov, 2003) is created. For start of different
rockets replaceable packages for each type of
rocket are stipulated:



- 16 directing (4 ? 4) for start of 82,5 mm
rockets "Alazan-6";

— 25 directing (5 ? 5) for start of 60 mm
caliber rockets "Darg";

— 36 pipes (6 ? 6) for start of 69 mm caliber
rockets "Alan-2";

— 49 pipes (7 ? 7) for start of 56 mm caliber
rockets "Alan-3" and "Ac".

Launcher "Elia" provides high accuracy and
necessary rate on technology seeding of
hailstorms of any power including supercells. It
allows shooting of 15 rockets in one minute with
prompting on an azimuth and elevation after each
start (accuracy of prompting 1 degree).

5. Automated hail
system

suppression

Radar system “ASU-MRL 6.1" and launchers
"Elia" allow to ealize the automated complex d
hail suppression (see fig. 4) which demands a
minimum of the personal, raises quality of
realization of the hail suppression technology,
raises objectivity of the control of clouds seeding
efficiency and provides good and detailed
documenting of antihail operations for the
subsequent analysis and revealing of the mistakes
and personnel training (Abshaev M.T., Abshaev
A.M., 2006).

Interface

1% 4
Figure 4. The automated rocket complex for hail
suppression on the basis of radar MRL-5, "ASU-
MRL", communication facility and rocket launcher
"Elia".
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1. Introduction

The hail suppression system is being
permanently developed both in methodological and
operational on one hand, and organizational sense,
on the other, with the aim of covering the whole
territory of the Republic of Serbia with the operational

methodology.

u%

Fig. 1. Territorial development of hail suppression in Serbia
in the period 1998-2007

In the previous paper of Vucinic Z.,1998 has
already been explained the development of the hail

suppression system in Serbia for the period between
1967. and 1997. In this paper will be shown the
further development of this system and its results in
the last 10 years. In the first couple of years of the
last decade, due to the war, the protected area was
significantly restricted. During the period between
2001 and 2003 the hail suppression system was
gradually activated in the zones of the most fertile
part of Serbian territory — Vojvodina, with a total area
of 20.000 km?. Figure 1 shows the enlargement of
the protected area in the period from 1998 to 2007.

2. The structure of the hail suppression
system

Today, the hail suppression methodology is
being conducted from 15 April to 15 October each
year in the territory of 77.498 km? , 51.069 km? of
which represent the agricultural area. The operational
system consists of:

1. A network of 13 radar centers equipped with

S-band radars

2. 1800 launching stations

3. A system of radio communication composed

of 50 repeaters and 1800 radios

4. Operational and methodological center in

Belgrade

The radar centers are in charge of the
organization and execution of hail suppression in the
accurately defined areas with similar orographical
and climatological characteristics. In 2000, the 3
radar centers in Vojvodina were equipped with
modern Gematronik radars. In the remaining 10 radar
centers are in use Mitsubishi RC34A radars installed
in the period between 1978 and 1984, and
completely automatized and adjusted to the rapid
processing of radar data, in the late 90s. There have
been developed special softwares: HASIS (Hail
Suppression Information System) ), Rancic, D. at all
1997, 1999 and Eferica, P. At all 1997; and GEMA-
HASIS, which enable to join the rapid data
processing, the product setup, the determination of
elements for rocket launching, as well as processing
data on conducted seedings (Fig.3) During all 40
years, the database is being permanently maintained
and amplified with data concerning all conducted
activities (radar data, data on used rockets, data on
atmospheric phenomena, and the agricultural areas
hit by hailstorms).

Each launching station is provided with a
simple and inexpensive structure used by the rocket
launching personnel and equipped with hail



suppression rockets, a multitube launcher and a
radio.

The launching stations are equally disposed
over the whole protected area. Since the very
beginnings of the system activity all launchers have
been entirely manufactured in Serbia. The single-
tube launchers are now replaced with multitube ones,
upgraded with the system for electrical activation of
hail suppression rockets.

Fig. 2. Automatic seeding order given by the use of HASIS
software.

Fig. 3. GEMAHASIS software for the visualization of radar
data

The way the system of radio communications is
designed and constructed allows us to give an order
for cloud seeding at any time and in any point of the
protected area. Besides this primary function the
radio communication system also furnishes a wide
range information collecting network, which provides
data regarding different issues, either on storm made
damages or on subjects of concern for the public
safety (conflagrations and similar).

The operational and methodological center in
Belgrade coordinates the activities of the entire hail
suppression system. It is engaged in: provision of all
material supplies; development and implementation
of new meteorological competences; training of
radar center operational teams, financial matters and
collaboration with scientific research organizations.
Besides, it controls the maintenance of all technical
subsystems of radar centers.

3. Methodology

In the protected area the observations are
performed averagely 110 days a vyear, with the
appearance of convective clouds. 2 or 3 of 13
existing radars are used through the whole season
for permanent observations of the entire protected
area plus 250 km around it, while, in case of
convective clouds we activate the competent radar
centers which minute by minute accurately measure
the activities within the cloud itself. Due to weather
forecast, the launching station personal get to know
in advance whether the seeding might be expected
on that particular day, and remain in permanent radio
contact with the radar center and ready to act if the
cloudiness reaches critical level. In case all the
seeding criteria are fulfilled (top of radar echo > H.
28°c; top of 45 dBZ isoconture > H_y4-c; height of max.
reflectivity > Ho-c) our automatized systems (Fig.2) in
radar centers determine the elements for rocket
launching which get announced through radio
communication to the launching personnel. After the
seeding, the location gets examined in order to
collect data on both, the observed phenomena and
possible damages. These data are used in special
meteorological analyses of every seeding activity,
which objective is to evaluate the obtained effects for
every singular seeding activity.

Each rocket contains 400gr of AgJ agent, with
the lowest amount of active particles per gram of
Silver lodide of 1012, and it seeds it in the part of
atmosphere the temperature of which varies from -4°
to -12°C. Nowadays, two main types of rockets are in
use: one with the seeding trace of 6 km, and other
with the seeding trace of 8 km from the launching
station. In the last 40 years 390.000 rockets were
used, while the number of utilized rockets increased
with the enlargement of the protected area. In the last
5 years the average number of utilized rockets was
12.000, or 1 rocket per 6.5 km? of the protected area
(in other words, the consumption of AgJ agent equals
400gr per 6,5 km?).



A very important part of every hail
suppression methodology consist of the evaluation of
its efficiency. Different research studies have
independently dealt with the statistical evaluation of
the performance of the hail suppression system in
Serbia. Certain statistical tests of the efficiency in the
modification of hailstone creation process indicate
the efficiency of 63-74% (Radinovi¢ B., 1989). Other
studies have shown that the possibility for the
absence of positive effects in hail suppression
performance is rather small 1-2% or less, and that
the number of hailstorm days decreased for 15-20%
due to the hail suppression activities (Mesinger F.,
Mesinger N., 1991). According to the data collected
by local institutions competent for the estimation of
damages caused by all kinds of natural disasters, in
the last 10 years the annual hail damage has been
reduced to less than 2% of the agricultural area,
which is 5 times less than before 1967. It could be
interesting to indicate the fact that in 1999 the hail
suppression activities were suspended in the first 4
months of the season. That year the damage was
recorded in the area of 7,1% of the territory of the
Republic of Serbia.

4, Estimate of hail suppression effectiveness
in Serbia

The effect of hail suppression by silver iodide
seeding in Serbia based on hail frequency data taken
on stations having professional observers is
estimated in this paper. The series of observations
from 23 seeded and 12 non-seeded stations covers a
53 years period.

Apparent effectiveness is calculated and it
shows a reduction in the hail frequency by about
36%. Removing from the available sample of 23
stations the station showing the greatest reduction in
hail frequency made a sensitivity test of the observer-
subjectivity effect. This decreased the apparent
effectiveness from about 36% to about 34%.

Tests as well as correction for the effects of
possible climate fluctuations and/or change in hail-
observing practices were performed by using the
neighboring region of Vojvodina (northern part of
Serbia), which had no hail suppression program as
the control area. The effectiveness calculations were
then repeated using “corrected” data. These various
corrections reduced the effectiveness of the seeding
activities to between 20% and 10%.

These results suggest that the seeding
activities in Serbia have positive effect, and the
reduction in hail frequency seems to be of the order
of 10% - 20%.

Hail causes substantial economic loss to
crops and property. Many hypotheses have been
proposed to suppress hail and operational seeding
activities have been undertaken in many countries.

Hail suppression by silver iodide seeding is
controversial for several reasons; one of them is that
the physical hypothesis underlying the seeding
approach is a matter of some argument. Thus, for
example, weather modification statements adopted

by the WMO Executive Council (WMO, 2001) said
that our understanding of storms is not yet sufficient
to allow confident prediction of the effects of seeding
in hail. There are substantial funds used for hail
suppression activities on one hand, and large
potential economic benefits if the effect of seeding is
positive and the cost-to-benefit ratio low, on the
other.

The hail suppression system by silver iodide
seeding in Serbia covers about 77 000 km® of
agricultural area. That territory has been seeded
every year by several tens of tons of highly efficient
silver iodide reagent. There is a question: did such
action was reflected to the hail frequency observed in
the regular network of meteorological stations?

Our work is a follow-up to work of Mesinger
and Mesinger (1992) who looked into the change in
the frequency of hail during the suppression program
in Serbia compared to that before the program, as
recorded at so-called main synoptic stations. Here
we extend the data period.

From the beginning of seeding program in
Serbia (1967) to the present time, the seeding
technology has been patterned after the Soviet
method (Sulakvelidze, 1967). In Serbia the system is
based on a very dense network of rocket launchers,
with an average spacing of about 5 km. Practically all
of central and southern Serbia covered by the system
of hail suppression since 1979. This system operates
during the 6-month hail season, which is 15 April —
15 October each year. Hail in Serbia is extremely
rare outside of this period. Hail-frequency data used
for this study are those of the so-called main synoptic
stations and covered the period 1949 to 2001 (15
April — 15 October) from 23 seeded and 12 non-
seeded stations. Hail frequency data are only
considered, rather then the hail and ice pellet
frequency data taken together, as done by Radinovi¢
(1989). Full circles in Fig. 1 denote stations covered
by the seeding program. As control stations the main
synoptic stations of Vojvodina were taken (empty
circles in shadow area, Fig.4).

Results
a. Apparent effectiveness

To calculated apparent effectiveness of the

seeding, we calculated the frequency ratio first:

—S_,.—NS

1T
where n is the number of hail days per year, the
overbar denotes averaging over time with index s
denoting the seeding period and ns non-seeding
period, and the brackets denote averaging over
stations of sample. Averaging was performed first
over time for each station, and subsequently over 23
synoptic stations. In that way, each station affects the
resulting average with the same weight, irrespective
of the length of its seeding period. We then define the
apparent effectiveness of the seeding as

E=1-[n"]n" 1"
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Fig. 4. Main synoptic stations in Serbia covered by hail
suppression system, full circles; stations within Vojvodina
(northern part of Serbia) not covered by the hail
suppression system and used as control stations for
evaluation of apparent climate change effect, empty circles
in the shadow area.

This definition shows effectiveness of the seeding in
terms of the reduction in hail events. If number of hail
days in seeding period is smaller then number of hail
days in non-seeding period, then effectiveness is
greater.

Using our data we obtained E=0.362. Thus, if
we assume that climate is constant, we found that
the hail-frequency data exhibited an apparent
effectiveness of the seeding program of about 36%.

b. Observer subjectivity

A reduction in hail frequency can be
observed due to observer subjectivity. To remove this
influence we eliminated from our sample the station
showing the greatest reduction in hail frequency.
Then we repeated the preceding calculations with
reduced sample of 22 stations. The station with the
greatest observed reduction in hail-frequency is
Krusevac with apparent effectiveness of the seeding
of 0.722. Reduction of our sample by excluding
station Krusevac had the effect of decreasing the
apparent effectiveness of the seeding from about
36% to about 34%.

c. Correction for an apparent climate change

Hail frequency could be decreasing due to a
climate change. So, we could attribute this decrease
to hail suppression program. Also, due to a high
natural variability of hail, for random reasons a
significantly smaller number of hailstorm generating
weather situations could have occurred during the
seeding period. Impact those two effects on hail-
frequency we are noted as apparent climate change.
We included “control” set of hail-frequency data
observed in northern part of Serbia (Vojvodina
region), which has no hail suppression program to
correct apparent climate change.

We performed three separate tests and
corrections for the apparent climate change effect.
For two of them we calculated the ratio of the
average frequencies, in number of days in which hail
was observed during the “seeding” period, and the
average frequencies observed during “non-seeding”
period, of the control sample for two different choices
of the ‘“representative” suppression-starting year.
Each of these frequency ratios reflects apparent
climate change. How we made choice of the
“representative” suppression-starting year? We
calculated median and average of the 23 starting
years of the suppression program of the stations in
the seeded area and then used those years as
“representative” suppression-starting year.

In the first test we used median (1970) as
“representative” suppression starting year and
multiplied the hail frequency data of the protected
stations for the representative seeding period (1970-
2001, last 32 yr) by the reciprocal of the frequency
ratio of control stations and then calculated apparent
seeding effectiveness again. This frequency ratio
was 0.774, and apparent seeding effectiveness was
E32=0.208.

In the second test we used average (1973)
as ‘representative” suppression starting year and
multiplied the frequency data of the protected
stations for the representative seeding period (1973-
2001, last 29 yr) by the reciprocal of the frequency
ratio of control stations (0.668). Apparent seeding
effectiveness in this case was E»3=0.102.

Climate change is not a sudden
phenomenon, but rather that is slow and thus could
be approximated by a linear trend over this 53-yr
period. As third correction for the apparent climate
change, we removed the linear trend observed in
control area from all of the seeded-area data.
Average number of hail days per station and per
year, observed in control area of Vojvodina, and the
resulting linear regression line and equation are
displayed in Fig. 5. When we calculated apparent
effectiveness for seeding region again, with removed
linear trend, we obtained E;=0.359.
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Fig. 5. Average number of hail days per station and per
year, observed in control area of Vojvodina, and the
resulting linear regression line and equation.

Conclusions

We estimated hail suppression effectiveness
in Serbia in terms of hail frequency without any
consideration of seeding methods. Calculated
apparent effectiveness was 36%. Then we performed
test as well as correction for the observer objectivity.
This test showed decrease of apparent effectiveness
from 36% to about 34%.

Then we performed two tests as well as
correction for the effects of possible climate
fluctuations by using the neighboring region of
Vojvodina, free-off seeding activities. First test lead to
the corrected apparent effectiveness of about 20%,
and second test showed corrected apparent seeding
effectiveness of about 10%.

Correction for the apparent climate change,
calculating frequency ratio for seeding region, with
removed linear trend from control region, showed
apparent seeding effectiveness about 35%.

We conclude that the seeding activities,
performed in Serbia following the Soviet method,
have positive effect. The reduction in hail frequency
achieved seems to be of order of 10%-20%.

The Serbian Ministry of Science and
Environmental Protection, under Grant 146006,
supported this study. The meteorological data used
in this study are obtained from the National Weather
Service of Serbia. The technical assistance of
Dragomir Bulatovic is gratefully acknowledged.

5. Economic indictors

Like in any other project, in this one as well,
the relation between the investments and the costs
represents the main condition of its good functioning.
The data collected in the last 40 years as well as the
economic indicators related to the agricultural
production, show that every dollar invested in the hail
suppression system has been plurally regained. The
newest studies indicate that every invested dollar has
returned to Serbian economy at least 14 times.

6. Further development of the hail
suppression system

Our present efforts on hail suppression system
development imply a wide range of activities related
to technical means improvement and methodology
and performance evaluation development. These
activities include:

1. Elaboration of airborne seeding operative
methodology applicable to any type of clouds with the
aim of precipitation stimulation and hail suppression
by the use of hygroscopic and non-hygroscopic
agents.

2. Development and implementation of volum
or caset agent seeding

3. Development of virtual surrounding for the
three-dimensional visualization of the clouds and the
effects on hail cells

4. Possibility to apply dual-polarization in the
estimation of hail danger of convective processes.

5. Application of the 3D numerical model for
seeding simulation.
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1. Introduction

Cloud Liquid Water (CLW) is one of the
most important uncertainty factors on the
analysis of global climate change and local
precipitation condition. The condition of CLW
has the significant effect on the conversion
process of hydrometer and the balance of
radiation in troposphere. The data of CLW
are the key parameter for
simulating precipitation process. CLW is also
one of the most important indices for cloud
seeding of precipitation enhancement.

The data of CLW taking by aircraft are
basic data for the study of rain process, but
they are unwonted and very expensively.
Multichannel microwave radiometer on the
ground can get abundant information of CLW
over a site by retrieval method without
influence from the different surface emissivity,
but it is very difficult to get the whole
information of a cloud system with one
immobility observation site. Satellite data,
however, are very useful for retrieving
different levels of CLW with particular spatial
and temporal speciality. The advance of
satellite technique will provide plenty of cloud
information for the study of precipitation
condition in future. The CLW sounding from
TRMM Microwave Imager (TMI) can provide
potential information to the precipitation
condition and it is the key data source to
verify the analysis result of CLW by various
retrieval method.

improving

2. Retrieval Method for CLW in
Non-Precipitating Cloud

The radiis of cloud particle in non-
precipitating
microwave length. According to the Rayleigh
theory, the absorption section of cloud
particle in non-precipitating cloud is bigger
than the scatter section when assuming a
horizontal and parallel atmosphere in a local
thermal steady state.

The particulate scattering is related to
the sector of cloud particle and the
absorption is related to the bulk of cloud
particle, so the atmospheric absorption is
directly related to the total CLW in cloud
particle and less effected by the distribution
of cloud particles according to the Planck
assumption.

cloud is less than the

Most incunabular retrieval tests for CLW
in non-precipitating cloud with satellite
microwave are limited on the clouds over
oceans where the physical status is simple.
The surface radiative character of land is
much more complexity than that of sea
Firsty a strong
background exists because the surface
emissivity is bigger than that of the sea
surface. In addition, the microwave radiation
over land is very complicated, and the
surface emissivity varies with the substantial
configuration, the thermal temperature, the
geometry shape, the particle structure inside,
the surface roughness, and the physical
character of land. The intricacies of surface

surface. radiance



property make it difficult to retrieve CLW in
non-precipitating cloud over land with
satellite microwave data.

Grody et al. 1976 set a regression
equation for CLW in the various kind of cloud
by assuming that surface emissivity is
uniformly distributed from 0.9 to 1.0 . But
their results showed that the retrieval error is
too large to reflect the true state of CLW.
1990 retrieved CLW using
iterative method with a radiative transfer
model and the data at 85.5GHz SSMII.
Greenwald etal. 1997

1998 retrieved CLW using polarization
difference of brightness temperature. The

Jones et al.

and Combs et al.

method reduces the CLW retrieval error in
lower cloud and decreases the influence
from the vertical profile of CLW, but it can be
only applied to the polar surface and the
random error of CLW aggrandizes with the
instrumental error.

The precision of retrieved CLW is limited
using
experiential result and calculation methods
by Grody 1976 Feddesand Liou 1978
Liou and Duff 1978 . Jones et al (1990) are
very complex to calculate surface emissivity

when surface  emissivity from

using the infrared channel data. Zhao and
Wang (1997) calculated surface temperature
and surface emissivity by a method with the
data of 2 channels or 3 channels. Deeter
and Vivekanandan 2005 calculated CLW
with the data of dual channels without
surface emissivity assuming that the
polarization difference of surface emissivity
is not relate to frequency.

Using TRMM/TMI 85.5GHz vertical
polarization brightness temperature data,
surface emissivity is calculated by an
iterative method with VDISORT from the
cloudless data on 6 Mar. 2005. According to
the analysis by Jones et al, surface
emissivity has less change in 15 days. The
amount of CLW over Henan region on 21

Mar. 2005 and its distribution were retrieved
using NCEP data, the calculated surface
emissivity on 6 Mar. 2005 and brightness
temperature data. Compared with the
infrared image of FY-2C Satellite, TRMM
2A12 products, and NCEP data, the method
used in this paper was feasible in retrieving
CLW in non-precipitating cloud.

3. Estimation of surface microwave

emissivity

There are only 2 radiosonde sites in
Henan region. We use temperature, air
pressure, and humidity from NCEP 1°x1°
data which have the coverage of Henan
region. The surface emissivity in Henan
region on 6 Mar. 2005 was calculated by the
numerical  step-by-step  method  with
VDISORT based on the vertical polarization
brightness temperature data from
TRMM/TMI  85.5GHz TRMM
passed over Henan region three times on 6
Mar. 2005, which are 10:31:57 to 10:33:35,
12:09:22 to 12:11:16, and 13:46:41 to
13:48:58. Fig. 1 shows surface emissivity
calculated by brightness temperature from
TRMM data during 12:09:22-12:11:16 UTC
on 6 Mar. 2005 over Henan region. The
result from the calculation in Fig.1 is similar
to the surface conditions image in cloudless
from Google Earth on 8 April 2007 in Henan
region.

channel.

N,

113 114 115 116°E

Fig. 1: The distribution of surface emissivity
calculated by brightness temperature from the
TRMM data during 12:09:22-12:11:16 UTC on
6 Mar. 2005 in Henan region.



4. Retrieval test of CLW in
non-precipitating cloud over
Henan region

Retrieval test of CLW in non-
precipitating cloud over land in Henan region
uses the vertical polarization brightness
temperature data from TRMM 85.5GHz
channel during 03:06:33 to 03:08:11 on 21
Mar. 2005. The surface emissivity calculated
from TRMM/TMI data on 6 Mar. 2005 are
interpolated to pixels on 21 Mar. 2005. The
total CLW in non-precipitating cloud is then
calculated using the retrieval method with
VDISORT model, combined with the
interpolated vertical
polarization brightness temperature data
from TRMM 85.5GHz channel during
03:06:33 to 03:08:11, and the NCEP data at
02:00 UTC on 21 Mar. 2005. Fig.2 shows the
result of CLW during 03:06:33 to 03:08:11 on
21 Mar. 2005 in non-precipitating cloud
calculated by the retrieval method.

surface emissivity,

Fig.2: The total CLW during 03:06:33 to 03:08:11
on 21 Mar. 2005 in non-precipitating cloud
calculated by the retrieval method

5. Contrast Analysis

5.1 Contrast of the retrieval result with
FY-2C cloud image

Fig.3 is an infrared cloud image from
FY-2C at 03:00 UTC on 21 Mar. 2005. The
cloud distribution in the black box in Fig.2. is
similar to the distribution of the total CLW in
non-precipitating cloud calculated by using
the retrieval method in Fig.1.

Fig. 3: The infrared cloud image from FY-2C at
03:00 UTC on 21 Mar. 2005.

5.2 Contrast of the retrieval result with
TRMM 2A12 product

Fig.4 shows the total CLW from the
TRMM 2A12 product during 03:06:33-
03:08:11 on 21 Mar. 2005. It is similar to the
total CLW in non-precipitating
calculated by the retrieval method. The

cloud

coverage of the CLW observed from TRMM
2A12 is smaller than that from the retrieval
method and the CLW value in Fig.4 is about
half of the CLW value in Fig.2.
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Fig.4 The total CLW from TRMM 2A12 product
during 03:06:33-03:08:11 on 21 Mar. 2005.

5.3 Contrast of the retrieval result with
the result from NCEP data
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Fig.5 : The total CLW from NCEP at 02:00 UTC
on 21 Mar. 2005.



Fig.5 is the total CLW from NCEP at
02:00 UTC on 21 Mar. 2005. Larger
difference exists compared with the total
CLW in non-precipitating cloud that
calculated by the retrieval method (Fig 2).

6. Error Analysis

6.1 Error from the vertical profile of CLW
in non-precipitating cloud

Fig.6 is the error effect that the
simulation change of CLW at a 2 km depth
cloud body with brightness temperature at
85.5GHz SSM/I by VDISORT model from
the different cloud base height. The error of
the brightness temperature accuracy by
VDISORT model is increase with cloud base

height uplifting.

Fig.6: The effect that the simulation change of
CLW at a 2 km depth cloud body with brightness
temperature at 85.5GHz SSM/I by VDISORT
model from the different cloud base height.

6.2 Error from the substitute of the NCEP
data in VDISORT
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Fig.7: The contrast that the temperature profile
from radiosonde data at 5:00 UTC to the
corresponding temperature profile from NCEP
data at 02:00 UTC on 21 Mar. 2005.

Fig.7 is contrast of the temperature
profile from radiosonde data at 5:00 UTC
with the corresponding temperature profile
from NCEP data at 02:00 UTC on 21 Mar.

2005. The difference of the calculated
brightness temperature is only 5K by
VDISORT model and the error analysis
result is 0.1 g/m® with substitute of the
radiosonde data by the NCEP data.

7. Conclusions

7.1 It is feasible to estimate surface
emissivity using step by step method and
calculate total CLW in non-precipitating
cloud with VDISORT model and the
radiosonde data.

7.2 Compared with NCEP data and
TRMM product of the total CLW, the total
CLW in non-precipitating cloud calculated by
our retrieval method provides the best result.
The NCEP data fail to show the total CLW in
CLW
coverage from TRMM 2A12 is smaller than

non-precipitating cloud and the
our retrieval result.

7.3 The effect of the
brightness temperature by VDISORT model
is decrease with cloud base height uplifting.

7.4 The error is 0.1 g/m2 with the
substitute of the radiosonde data by the

simulation

NCEP data. The error elimination should
base on the acquisition of radiosonde data
with the increase of the temporal resolution
in field experiment.

7.5 The retrieval method is only the
qualitative analysis for cloud liquid water in
non-precipitating  cloud with  satellite
microwave data. The quantitative analysis
exist many difficulties to overcome with the

help of plenty of observation data in future.
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1. Introduction

In Indonesia, land and forest fires occur every
year that peaks during August — September. During
the period of 1997-2006 a number of hotspots which
is used as pre-indicator for fires always found from
June to October (data provided by Ministry of
Forestry - JICA project: http://ewds-
fipmp2.hp.infoseek.co.jp/ ewds/menu/jp3.htm). That
data shows that fire should be expected during that
particular period, but the actual weather will then
determine whether fire and its related impacts will be
massive or not. The use of fire in agriculture cannot
totally be eliminated since indigenous people used
fire in their traditional shifting cultivations since
hundreds of year. In the last decade, forest
conversion and massive plantation activities may
used fires as a tool and encourage another societies
to use fire in their activities. Now, at least 4 Acts of
Laws prohibit the use of fire in agricultural, forestry
and plantation activities.

Cloud seeding in Indonesia (previously called
as rain making) started in 1977 after adoption and
adaptation of the Royal Thailand Rain Making
Technology. After that, many experiments had been
carried out in order to advance the seeding technique
and to find appropriate seeding material. The major
purpose of this effort is to enhance precipitation from
potential rain clouds. Since 90-ies, the main
component of cloud seeding in Indonesia was using
Sodium Chloride (NaCl) powder seeding agent
dumped from an unpressurized Casa 212-200
seeder aircraft. In 2000, WMU (Weather Modification
Technical Service Unit) began to develop another
seeding agent using the pyrotechnique flare, but
deep efforts was done in 2005 when flares expected
to be applied widely. However, due to budget and
equipment limitations, cloud seeding using the flare
technique was still applied restrictedly. For the most
cloud seeding operations, NaCl powder seeding
agent is widely used. WMU is a division under the
Agency for the Assessment and Application of
Technology (BPPT) and is the only cloud seeding
authority in Indonesia.

2. Cloud Seeding in Indonesia

Since the first experiment under the Rain
Making Project, the purpose of cloud seeding

activities are to “create” rain from the air. Recently,
cloud seeding is mainly conducted to induce the
cloud to grow and precipitate and then to enhance
the precipitation. Several minor objectives of cloud
seeding is not yet applied operationally. Cloud
seeding in Indonesia is conducted by delivering
seeding agent into rain potentially clouds. The target
clouds are typically in the type of cumuliform such as
Cumulus Congestus and Cumulonimbus. The
seeding agent will enhance the efficiency of collision
and coalescence processes which are intensively
occur in a cumuliform cloud. By placing seeding
agents right at the updraft zone within the cloud, it is
expected that the agents will play a multiplying effect
in growing cloud droplets into raindrops. There are 4
expected results by conducting cloud seeding: 1. the
cloud that has been seeded will become rain earlier,
2. the precipitation from the cloud become much
more, 3. the area that been precipitated become
wider, and 4. the number of cloud that precipitate rain
will increase (rain become frequent) (Anonymous,
2007).

There are 3 methods to deliver seeding agents
into a cloud: 1. cloud base seeding by releasing
seeding agent at the updraft zone (cloud mass
inflow) right at the cloud base level, 2. penetration
seeding by releasing seeding agent right at the
updraft zone within the cloud body, and 3. on top
seeding by releasing seeding agent about on the top
of cold clouds. Seeder aircrafts widely used to deliver
seeding agents as they are very mobile and fast.
Seeding agents in such forms of liquid, powder and
pyrotechnique flare are applicable with certain type of
aircrafts. Ground based generators have been in use
but still in experimentation scale. Liquid and flare had
been tried to practice in ground based seeding.

3. Cloud seeding in 2006 Fire Fighting

In 2006, huge number of fires and extensive
smoke haze had reached the status of national
disaster. The Badan Koordinasi Nasional Penang-
gulangan Bencana/BPB (National Coordinating
Board for Disaster Management) is a government
institution that is responsible to deal with such a
problem. BPB has the authorization to mobilize any
national necessary resources to fight against fire
which spread out in two large islands, Sumatra and
Kalimantan (Fig. 1). In order to reduce the number of



fires and its pollution, fire fighting were carried out
both from land and air. Cloud seeding became part of
the aerial fight fighting operation together with the
water bombing. The water bombing were performed
using helicopters and jet plane which dropped water
on top of fire flame (more often, the flames are
unseen but smokes plume from the ground). Cloud
seeding carried out by WMU and Indonesian Air
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Fig. 1. Hotspot accumulation for August 2006. Red dots
represent hotspots that almost burned whole Kalimantan
and Sumatra. Source: http://ewds-ffpmp2.hp.infoseek.co.jp/
ewds/

Every morning, scientists from WMU evaluate
hotspots distribution and analyze the weather data.
Hotspots data are downloaded from internet and
sometime information from local institution provide
number and location of fire spots. Weather data
mainly cloud cover from satellite imageries, weather
charts and forecasts also downloaded from the
internet. Data evaluation and analysis results are
then presented in a short briefing attended by WMU
personnels, the crew and others who involved in the
operation. Field Director who lead the briefing then
declare the recommendation about the weather
status, target area for seeding and the flight schedule
including estimation of seeding agent quantity for that
day. Field Director is a WMU personnel, whom is
appointed by the Head of WMU to run the whole field

(b)
Fig. 2. Examples data that to be discussed in the briefing.
(a) Hotspots distribution over 4 Provinces in Sumatra,
processed from Dept. of Forestry — JICA project data; (b)
MTSat image over Sumatra and Kalimantan, source:
http://weather.is.kochi-u.ac.jp/sat/gms.sea/.

Based on the direction from briefing, flight
mission are to be prepared. Certain amounts of
seeding agent are then loaded into the aircraft. C-130
Hercules were used instead of Casa 212 due to its
larger carrier capacity and longer distance and flight
time ability. The longest flight was about 5 hours with
about 6,000 kgs of seeding material. A maximum
seeding material loaded into the aircraft was 10,000
kgs. WMU personnel(s) then onboard completed with
Air Navigation Portable GPS, necessary map and
notes.

Cloud Seeding Officer (CSO) or Flight
Scientists (FS), a call for WMU personnel onboard,
directs the aircrew which cloud(s) to be seeded and
the location and timing for execution, but the aircrew
is responsible for the whole flight mission. Direction
from CSO is to fulfill the “Three Propers” in cloud
seeding: proper timing, proper placing, and proper
quantity. For seeding using NaCl powder, proper
timing means that seeding execute only within the
updraft zone inside the cloud, proper placing means
that seeding perform at about cloud base up to 1/3rd
of cloud height, and proper quantity means that the
amount of seeding agent released is determined by
the size of cloud and its stage (which is ranging from
300 kgs for cumulus with medium growth and less
than 8 kms in diameter, up to 1,500 kgs for cumulus
or cumulonimbus with hard growth and diameter
exceed 10 kms). Improvisation from CSO is needed
in most practice, in case the cloud to be seeded is
not a single cloud but a series of cloud, and
sometime cloud body, cloud base or cloud top cannot
be determined clearly. The clouds to be first selected
were that those grew above or close to fire spots.

The first cloud seeding mission took off on 29
August 2006 with a target area in the Riau Province
(Sumatra). The missions were segmented into 4
segments for Sumatra region and 6 segments for
Kalimantan region. Home bases for those missions
are located in Padang (West Sumatra), Jakarta Halim
and Banjarmasin (South Kalimantan). Cloud seeding
in Sumatra region were conducted in 34 seeding



days and 32 seeding days in Kalimantan region.
Target areas for seeding were spread over several
provinces: South Sumatra, Jambi, Riau and
Lampung in Sumatra region, Central Kalimantan,
West Kalimantan and South Kalimantan. The number
of seeding days at each Province (consecutively): 33,
16, 4, 1, 23, 11 and 8. Usually only one seeding
mission a day, but possibly more under certain
circumstances, with target area may take place in
one or more provinces. The last flight landed on 20
November 2006 after accomplished seeding mission
over Central Kalimantan (Anonymous, 2006).

Cloud seeding operation segments in Sumatra
region: (1) 29 Aug — 2 Sep, (2) 4 Oct — 14 Oct, (3) 16
Oct — 21 Oct, (4) 29 Oct — 11 Nov. Cloud seeding
operation segments in Kalimantan region: (1) 1 Sep —
10 Sep, (2) 14 Sep — 18 Sep, (3) 1 Oct — 11 Oct, (4)
17 Oct — 19 Oct, (5) 28 Oct — 9 Nov, (6) 16 Nov — 20
Nov.

Fig 3. Seeder crew eleasing seeding agent through the

rear door following the direction from CSO. (Photographed
by Asril)
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Fig. 4. Yellow line shows the flight track as recorded by
GPS. The location of seeding marked by numbered boxes.
(Source: Anonymous, 2006)

Water bombing as another part of aerial fire
fighting in Sumatra began on 22 October 2006 and in
Kalimantan began on 8 November 2006. In Sumatra,
helicopters and jet planes supported the operation,
but in Kalimantan water bombing only supported by
jet bomber that had been moved from Sumatra.

]

Fig. 5. A Be-ZOO ampﬁibian jet db scooping. Water at
Kapuas River (Central Kalimantan) in seconds and then to
drop water on the selected fire/flame. (Photographed by
Asril)

4, Future Plan

Wild forest and land fires are expected to occur
every year in Indonesia. Weather becomes a major
forcing factor that blew up the number of fires in
Indonesia. Latest research result shows that the
Indonesian region is very vulnerable due to climate
change and there is a strong linkage between global
climate/weather phenomena such as El Nino, Indian
Ocean Dipole Mode, or regional phenomenon such
cold surge from northwestern Pacific Ocean deep
into South China Sea with the huge number of fires
(Aldrian, 2007).

To have ability to prevent some fires become
extensively that burn nationwide which will cause
smoke haze, WMU together with Indonesian Air
Force have to assemble sufficient and effective
armada. The existing armada and its equipment for
cloud seeding and water bombing operations will be
advanced. Regarding thick smoke haze that
blanketed strategic area such as airport space or
cities, WMU proposed a smoke haze seeding using
liquid seeding material. By seeding on top of a thick
and very steady smoke haze, it is expected that
some smoke particles will be deposited to the
ground collided and joined with seeding drops, and
the steadiness of the haze will be disturbed. WMU
has set up a scenario especially for aerial operation
to deal with wild fires and its smoke (Fig. 6).

In the scenario, cloud seeding to be launched
before the fire season, when number of precipitation
has decreased leaving from wet to dry season. The
cloud seeding become less intense approaching the
peak of dry season but at the same time water
bombing mission and smoke haze seeding embark.
National Meteorological Service has the authority to
declare the status of oncoming weather regarding
fires and smoke haze prediction.
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