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Abstract 

A three-dimensional cloud model is used to simulate transport and diffusion of an artificial ice nucleation 
agent in conditions of hypothetical hailstorm seeding. The microphysical parameterization use the bulk a second-
moment scheme for all species. According to the beneficial competition criteria silver iodide is directly injected and 
released into an assumed embryo formation region, between -80C and -120C isotherms and 25-45 dBZ radar reflec-
tivity contours on line with length of 1.5 km.  

The results from the case study simulation have shown that agent typically has about 2-3 min to spread in the 
seeding zone after its activation and relatively low vertical extension of spreading from the axis of dispersion, which 
is less than 160 m. The agent activation leads to earlier ice initiation that causes earlier initiation of precipitation. 

The implication of the seeding is that cloud seeding with a 6 min time frequency contributes in registration of 
the maximum hailfall decrease at the ground of about 11.01 %, compared to the unseeded case.  

The maximum rainfall increase of 25.79 % and hailfall decrease of 10% is found in the experiment with 0.4 
g/m initial seeding rate, 5.5 km seeding height and 10 km seeding distance, compared to the base run simulation, 
respectively. 

 
1. Introduction 

 
Over the past two decades a number of papers 

have investigated the cloud seeding using numerical 
modeling. For example, Hsie et al., (1980), Curic and 
Janc, (1990, 1993), Curic et al., (1997), Farley et al. 
(1994, 2004) have revealed that the seeded cloud 
exhibits the earlier initiation of precipitation, with 
crucial seeding effects that lead to increased precipi-
tation, slight dynamics and microphysics interactions 
and differences in cloud history. At the same time 
Orville et al. (1984) showed that some seeding treat-
ments where resulted in a reduced precipitation, and 
Orville and Chen (1982) found reduced total precipi-
tation for seeding. Farley (1987) found that hailfall 
decreased and rainfall could be increased in some 
situations, although some redistribution in hail spec-
trum can be expected. Orville et al., (1986) determine 
that seeding-induced glaciation of smaller developing 
cells may lead to earlier enhanced vertical growth 
due to the release of latent heat. The seeded large, 
vigorous cloud may produce less precipitation be-
cause of additional snow, particles, created by the 
cloud seeding, being transported rapidly to the anvil 
Orville et al. (1989). Aleksic et al., (1992) from their 
model simulation have found that only 2-3% of the 
target volume is actually being seeded. The most 
sensitive problem according to them is the limited 
spread of the seeding agent and the time available for 
the agent diffusion and activation. 

 

  Observational evidence for limited dispersion is 
presented by Huston et al., (1991), together with the 
modeling study. These aspects are also discussed by 
Dennis (1980), Warburton et al., (1986).  

 
This study has been focused on two aspects: a 

three-dimensional simulation of agent transport, dif-
fusion and activation during supercell storm seeding 
case and the effects obtained from a number of sensi-
tivity experiments by using different initial seeding 
parameters. Finally the results are summarized and 
the principal conclusion of the seeding criteria is 
given. 

 
2. Model 
2.1. Model characteristics 
 

The present version of the model is a three-
dimensional, nonhydrostatic, time- dependent, com-
pressible system which is based on the Klemp and 
Wilhelmson [1978] dynamics, Lin et. al. [1983] mi-
crophysics, Orville and Kopp [1977] thermodynam-
ics. The governing equations of the model include 
momentum conservation equations, thermodynamic 
and pressure equations, four continuity equations for 
the various water substances, a subgrid scale (SGS) 
turbulent kinetic energy equation (TKE) and continu-
ity equations for chemical species associated with 
various cloud water species.    
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2.2. Microphysics parameterizations 
                                                                                                                             

For the parameterization of the microphysical 
processes we use the integrated (bulk) water parame-
terization by Lin et al., (1983) with significant im-
provement of hail growth parameterization. Instead 
of using the hail size spectrum from zero to infinity 
(idealized spectrum), Curic and Janc, [1995, 1997] 
proposed considering the hail size spectrum which 
includes only hail sized particles (larger than 0.5 cm 
in diameter; hereafter called realistic hail spectrum). 

 
Seven different categories of the three phases of 

water have been considered in the model. Both bulk 
mass mixing ratios and number concentrations of 
cloud water, rainwater, cloud ice, snow, graupel and 
hail as well as the bulk mixing ratio of water vapor 
are also predicted in the model.   Condensation and 
deposition of water vapor produce cloud water and 
cloud ice, respectively. Conversely, evaporation and 
sublimation of cloud water and cloud ice maintain 
saturation. Natural cloud ice is normally initiated by 
using a Fletcher-type equation for the ice nuclei 
number concentration. In this version of the model, 
cloud ice may also be produced by the Hallett-
Mossop ice multiplication. Bergeron-Findeisen proc-
ess transform some of the cloud water into cloud ice 
and to a certain extent both of them into snow. Rain 
is produced by the autoconversion of cloud water, 
melting of snow and hail, and shedding during the 
wet growth of hail. Hail is produced by autoconver-
sion of snow, by the interaction of cloud ice and 
snow with rain and by immersion freezing of rain. 
Snow may be produced by autoconversion and the 
Bergeron-Findeisen growth of cloud ice and by the 
interaction of cloud ice and rain. All types of precipi-
tation elements grow by different forms of accretion. 
Evaporation (sublimation) of all types of hydrome-
teors is also simulated.  

 
Each of these number concentrations (N) or 

bulk mixing ratios (Q) has an equation with the fol-
lowing form:: 
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where S is the sink or source term, Vt  is the group 
terminal-falling-speed of any particular water cate-
gory which was equal to zero for the cloud water and 

cloud ice in the model and En or Eq  is the subgrid-
scale contribution. 
  

The equivalent radar reflectivity factors for hail 
and rain are computed using  equations given by 
Smith et  al., (1975) and empirical equation for snow 
by Sekhon and Srivastava (1970). More detail infor-
mations regarding the hydrodynamic equations, mi-
crophysics equations, turbulent closure and methods 
of solutions can be found in Telenta and Aleksic 
(1988) and Spiridonov and Curic (2003, 2005). 
 
2.3. The calculation of agent dispersion 
 

An additional conservation equation is consid-
ered here 
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where SX is the mixing ratio of AgI particles, 
SXS  is 

the sink or source term of mixing ratio and 
SXE  is 

the subgrid-scale contribution. The activation of AgI 
is parameterized by the three nucleation mechanisms 
based on Hsie (1980) and Kopp (1988) which are 
deposition (including sorption) nucleation, contact 
freezing nucleation – Brownian collection and iner-
tial impact due to cloud droplets and raindrop. These 

are the sink terms of SX which can be calculated as:  

 
1.) Contact freezing nucleation-Brownian col-

lection, BCS , and inertial impact due to 

cloud drops, ICS , 

 

 CSCSBC NXRπD4S −=  (4) 
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2.) Contact freezing nucleation-Brownian col-

lection, BRS , and inertial impact due to 

raindrops, IRS , 
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3.) Deposition nucleation due to water vapor at 
ice supersaturation 
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where DS is a diameter of AgI particles, NC   and CV  

the concentration and terminal velocity of cloud 
droplet, RC the cloud droplet radius, NOR parameter 
of the raindrop size distribution, λR the slope parame-

ter of rain, CSE  and ERS are the collection efficiency 

of cloud water and rain water collecting AgI particles 
respectively, ρ the air density, NOR the rainwater mix-
ing ratio, ΔT supercooling and NaD is the number of 
AgI particles active as a deposition nuclei at a super-

cooling ΔT, sm  the mass of  the AgI particle. These 

are the sink terms of XS, while the initial mixing ratio 
XS0 of agent homogeneously distributed in the seed-
ing zone at the seeding moment is the source term of 
XS.  
 

An additional effort has been made in the study 
to consider the calculation of agent trajectories and 
its dispersion. In the rocket seeding, AgI is normally 
released as the line source with the length of 1 km, in 
a cylinder with a diameter of 10 m. Since the model 
dispersion of the agent is in its initial phase on a sub-
grid scale, the advection and diffusion should be pa-
rameterized. This problem is solved by considering 
the seeding line as a series of ten individual spherical 
puffs, each with a radius of 10 m. The agent spread is 
than simulated by the movement and spread of each 
individual puff.  Its advection is calculated by a bi-
linear interpolation of the wind from the four adja-
cent grid points. The trajectories of the puffs are 
computed in the model. The radius σ  of these puffs 
has been calculated for each step as a function of the 
turbulent diffusion coefficient (Georgopoulos and 
Seinfeld, 1986) by the solution of the equation 

 

 t2K22
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where K is the turbulent diffusion coefficient calcu-
lated using bilinear interpolation taken from the four 

adjacent points 1+iσ  is the radius of puff in time 

interval i+1 , iσ is the puff radius in the previous 

time step, and tΔ  is the time step. The concentration 
of each puff is calculated by the following equation 
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where L=1, LCS where LCS is the total number of 
puffs, QPUFF is the seeding amount in g/m, and DPUFF 

=2σ is the diameter of the puff.  The initial AgI mix-
ing ratio is then computed by the following term  
 
 XS0 (I0,J0,K0)=XS0(I0,J0,K0)+CPUFF(L) (11) 
 
Here,  I0=INT(XPUFS)+1,  J0=INT(YPUFS)+1,  
K0=INT(ZPUFS)+1   are the integer values of puffs 
coordinates in each direction x,y and z, respectively.  
 
 XPUFS=XPUF(L)/H;  
  YPUFS=YPUF(L)/H;   (12) 
  ZPUFS=ZPUF(L)/D-0.5  
 
where  
 XPUF(L)=XPUF(L)+UINT⋅Δt;  
 YPUF(L)=YPUF(L)+VINT⋅Δt   (13) 
 ZPUF(L)=ZPUF(L)+WINT⋅Δt 
 
In the above terms XPUF(L), YPUF(L) and ZPUF(L) 
are the corresponding dimensions of puffs, H is the 
horizontal grid step, D is the vertical grid step and 
UINT, VINT and WINT are the bilinearly interpo-
lated velocity components.  
 
2.4. Numerical technique 
 

Model equations are solved on a semi staggered 

grid. All velocity components iu  are defined at one-

half grid interval ix 0.5 Δ  while scalar variables are 

defined at the mid point of each grid. All velocity 
components and the horizontal and vertical advection 
terms are calculated by the centered fourth-and sec-
ond-order differences, respectively. Since the model 
equations are compressible, a time splitting proce-
dure with second-order leapfrog scheme is used for 
the portions which do not involve sound waves to 
achieve numerical efficiency. Forward-backward 
time differencing scheme is used for the acoustic part 
of the equations. An Eulerian fourth order central 
difference advection scheme has been used to calcu-
late the puff advection.  
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2.5. Boundary conditions  
 

The normal component of the velocity is as-
sumed to vanish along the top and bottom bounda-
ries. In order to remove suspicions that the vertical 
oscillations in the numerical simulation are caused by 
the rigid top boundary in a model, the model is up-
graded by a radiative upper boundary condition, ac-
cording to suggestions given by Klemp and Duran, 
(1983). The lateral boundaries are opened and time-
dependent, so that disturbances can pass through with 
minimal reflection. Two different cases with regard 
to the wind velocity are considered according to Dur-
ran (1981). When the component of velocity normal 
to the boundary is directed toward the domain (in-
flow boundary), normal derivatives are set to be zero.  

 

2.6. Initial conditions and initialization 
 

Initial impulse for convection is an ellipsoidal 
warm bubble with the maximum temperature pertur-

bation in the bubble center ( =0T 2.5°C).  The model 

domain covers 20x20x15km with (0.5x0.5x0.25km) 
resolution for the first three-dimensional simulation 
and 30x30x15 km (1x1x0.5km) for the second run, 
respectively. The temporal resolution of the model 
for integration of the dynamics, microphysics and 
chemistry is 5 and 10 s, and a smaller one is 1 and 2 
s, for solving the sound waves. A representative 
sounding taken at 01 UTC from Petrovec on May 18, 
2003 with the corresponding wind profile is pre-
sented in Fig.1. The sounding is unstable and moist 
and the cloud develops very quickly in response to 
the initiating perturbation.  

 

Figure 1. The 1200 UTC atmos-
pheric sounding for Skopje, on May 18, 
2003. Coordinate lines denote pressure 
(hPa) and temperature (°C). The solid 
line represents the temperature profile 
and the dashed line represents the mois-
ture profile. Symbols on the r.h.s. of the 
same figure denote wind vectors (direc-
tion and velocity). 
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3.   Results  
3.1. A three-dimensional simulation of hailstorm 
seeding 
 

A three-dimensional simulation of the May 18 
case indicates that the results are sensitive to the ini-
tial conditions. If it is sufficiently strong, the model 
cloud penetrates through the stable layer and then 
experiences explosive growth. Fig. 2a shows three-
dimensional views of the cloud life cycle at 10-min 
intervals. The modeled cloud penetrates the stable 
layer and than experiences explosive growth, devel-
oping into vigorous storm, accompanied by the for-
mation of large amount of ice phase particles. The   
mature phase of the storm appears after 30 min of the 
integration time when extensive precipitation occurs. 
The time evolution of AgI and (AgI+cloud) field at 
1.6-min intervals starting at 23.3min, viewed from 
the southeast (SE) is depicted on Fig. 2b and Fig. 2c, 
respectively.  According to the hail suppression 
method the silver iodide agent is directly injected into 
the simulated cloud in its developing stage at 5-min 
repeat seeding at 16.6 and 21.6 min, in the area be-
tween -8° C and -12°C isotherms and 25dBz-45dBz 
echo contours at 5.5 and 5 km height, respectively. 
The time evolution of the AgI field in the X-Z cross 
sections is depicted in Fig.3a. The AgI field is repre 
sented with an outer contour of 0.05 µg kg-1 for 16.6 
and 20.0 min and 0.015 µg kg-1 contours for 23.3 
min, with contour interval of 0.01µg kg-1. After seed-
ing the agent is advected and diffused within the 
cloud by the turbulent flow field. Some of the AgI 
has been activated; small part tends to be drawn back 
into the cloud as it descends to the lower levels by 
the downdrafts, while the large portion is transported 
outside the target volume above -12°C isotherm. The 
limited time spread of agent is may be due to the 
strong air circulation within the cloud. Only 9.6% of 
the AgI remains unactivated as a result of less than 
optimal placement of the seeding agent and the lim-
ited advection time of 2-3 min that limits the time 
available for agent diffusion. The maximum agent 
spread within the target area during simulation time 
is less than 90 m from the axis depending on the local 
turbulence. Fig. 3b shows the X-Y cross sections at z 
=5.5 km. The AgI boundary field and the contour 
interval are taken to be the 0.01µg kg-1 contour. It is 
seen from this figure that after the seed was intro-
duced into the target area the AgI is slowly diffused 
in response to the existing horizontal wind field at 
that level. The AgI mixing ratio decreases from 0.28 
µg kg-1 at 16.6 min to 0.065 µg kg-1 at 26.6 min. 
Most of the AgI has been activated during the first 
five-minute interval. The unactivated AgI is initially 
transported toward southeast and downward. After 

repeat seeding two separated AgI fields are propa-
gated and distributed toward eastern quadrant of the 
cloud model domain.  

 
3.2. Evolution of physical and agent dispersion prop-
erties  
 

The most sensitive hailstorm seeding problem 
appears to be the limited spread of the seeding agent 
and limited time available for the agent diffusion and 
activation in the target volume. In order to gain a 
qualitative understanding of hailstorm seeding we 
investigate the seeding methods and conditions with 
varying assumptions regarding the seeding in order 
to determine optimal seeding parameters such as: 
seeding amount, time repetition of seeding, initial 
time of seeding, seeding height and distance. We 
have first investigated the influence of time interval 
of seeding on the total rainfall and hailfall on the 
ground. 

  
Table 1 lists the parameters that distinguish ten 

numerical experiments using a second-moment 
model. The first run is chosen as a standard non-
seeded case which serves as a basis for comparison 
with other experiments.  

 
We compare rainfall and hailfall totals which 

were accumulated in the same total model integration 
time. The integration time was selected so that all 
precipitation were ended before the end of all simula-
tions. It is evident that the total rainfall increases and 
hailfall decreases for all experiments relative to the 
base run case. One sees that the greatest rainfall in-
crease of 25.79% is observed for a four-minute re-
peat of seeding for simulation A4. The experiment 
A1 indicates a peak rainfall increase of 6.23%. Hail 
amounts were much smaller but indicated decreases 
of 11.01% for case A7 and the minimum effect of 
seeding of 0.33% hailfall decrease is evidenced for 
run A1.  

 
As is shown in Table 1 (columns, 3-7), most of 

the seeding agents act as deposition nuclei. In case 
A3 only 4.8% of the AgI particles remained unacti-
vated. The seeding agent through inertial impact and 
Brownian collection by clouddrops and raindrops 
show very small effect on AgI activation. The next 
goals of this investigation is to examine the sensitivi-
ties of cloud seeding, including agent dispersion, to 
the physical processes which take place in-cloud and 
in the near cloud environment. As can be seen in 
Table 2, the maximum spread of the puff diameter 
within the target region is less than 90m, depending 
on the intensity of turbulence. The vertical extension 
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of the seeding zone depends on the regular placement 
of the seeding and the windflow within the cloud, 
and organization of its downdrafts and updrafts. One 
sees that the agent dose rate of 0.1 g/m contributes a 
larger vertical extent of the seeding zone of 87.6m. 
After seeding the AgI particles are advected and dif-
fused within the cloud before the activation occurs. 
The artificial ice-phase particles produced by seeding 
lead to increase of the cloud ice mixing ratios relative 
to the unseeded case. The mixing ratios of other hy-
drometeors with except of snow slightly differ, com-
paring to those given from the base run simulation. It 
is also found that the seeding amount do not influ-
ence significantly on the total horizontally summed 
rainfall and hailfall on the ground in case of very 
large vigorous cloud. The seeding amount of about 
0.4g/m, initial seeding time of 16.6min, on height 
5.5km at distance of 10km in case B2 contribute in 
peak rainfall depth increase by about 25.79% and 
hailfall decrease of about 10.01 %.  

 
These percentage numbers refer to the maximum 

rainfall increases calculated in the simulation time, 
after the initial cloud seeding. The effect of  AgI 
seeding in respect to their microphysics is apparent if 
we consider the time evolution of reflectivity patterns 
of the unseeded and seeded cloud (Fig. 4). There is a 
slight similarity between the reflectivity echo con-
tours after the initial seeding. The seeded case exhib-
its earlier development of precipitation and transfor-
mations in respects to its microphysics. The differ-
ence in the reflectivity echo fields between these runs 
becomes more evident as the cloud enters its mature 
stage. While the calculated reflectivity of the seeded 
case is within the range between 5 and 25 dBz at 60 
min of the simulation, in the unseeded case the re-
flectivity zone with 35 dBz contour still exists.  

 
4. Summary  
 
According to hail suppression hypothesis it is logical 
to expect significant decrease of hail at the ground as 
in the other carefully setup hail suppression experi-
ments. Despite positive statistical results from a 
number of numerical studies our sensitivity experi-
ments indicate peak rainfall increased by about 
25.79% and smaller hailfall decrease of 11.01%. This 
result may be due the limited spread of the seeding 
agent and the relatively low time of its diffusion and 
activation in the case of very large vigorous clouds. 
Numerical models should be enabling to correctly 
simulate the agent dispersion that is in its initial 
phase on a sub-grid scale. However, it is not possible 
easy to say that the seeding does not have any effects 

considering the differences especially in respect to 
their microphysics.  
 

The results from the case study simulation have 
shown that agent typically has about 2-3 min to 
spread in the seeding zone after its activation and 
relatively low vertical extension of spreading from 
the axis of dispersion, which is less than 190 m. The 
agent activation leads to earlier ice initiation that 
causes hailstorm modification, earlier initiation of 
precipitation and difference in respect to microphys-
ics, especially in cloud mature stage. 

  
The implication of the seeding is that cloud seed-

ing with 6 min time frequency contributes in registra-
tion of the maximum hailfall decrease at the ground 
of about 11.01 %, compared to the unseeded case. 
The maximum rainfall increases of 25.79 % and hail-
fall decreases of 10% is found in the experiment with 
initial seeding rate of 0.4 g/m, 5.5 km seeding height 
and 10 km seeding distance relative to base case. 
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Figure 2a. Model simulated three-dimensional surfaces of the given mass mixing ratios (g/kg) at 10 min 
time intervals, starting at 10 min of  simulation  time. Gray plots represent total non-precipitating water (cloud 
water +cloud ice) with the cloud outline of 0.01 g kg-1.The precipitating fields are blue, brown and yellow 
representing the mixing ratios of snow, hail and rain ≥0.1 g kg-1. The domain dimensions are 20x20x15km3.  
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Figure 2b.Three-dimensional depictions of the AgI field viewed from SSE at 5 min intervals starting at 23.3 
min of simulation time. The 0.1 µg kg-1 surface is indicated in these plots.  
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Figure 2c. Three-dimensional depictions of (cloud water + AgI field) viewed from SE at 5 min intervals 
starting at 23.3 min of simulation time. The cloud outline is indicated by 0.001 g kg-1. The 0.1 µg kg-1 surface 
is indicated for AgI field in these panels. . 
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Figure 3. a) Time evolution of AgI (µg kg-1) in the x-z plane at y = 15 km (left panel) for Negotino storm on May 
18, 2003, in 16.6, 20.0, 23.3 and 26.6 min of simulation time. The domain dimensions are 30x30x15km3. Cloud 
surfaces (gray) with cloud outline contour of 0.01 g kg-1. AgI fields are (green and yellow), while the reflectivity 
contours are represented with light green and violet color. b) Time evolution of AgI (µg kg-1) in the x-y plane at z = 
5.5 km in 16.6, 20.0, 23.3 and 26.6 min of simulation time. The domain dimensions are 30x30x15km3 (right panel). 
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Table 1. Maximum percentage values of each sink term representing the five  nucleation mechanisms (Brownian collection and inertial impact due to 
cloud droplets and raindrops and deposition nucleation) and the total rainfall and hailfall accumulated on the ground expressed in (kg/m2) and (%), in 
different time frequency of seeding. 

 
 

Run 
 

Time fre-
quency  

of seeding 
(min) 

Brownian 
collection 
cloud drops 

Inertial 
impact 

cloud drops 

Brownian 
collection 
raindrops 

Inertial 
impact 

raindrops 

 
Deposition 
(sorption) 

 
Rainfall 
(kg/m2) 

 
Hailfall 
(kg/m2) 

 
Rainfall 

(%) 
 

 
Hailfall 
(%) 

           
 

Base run 
A 

 
Unseeded 

     
 

 
150.51 

 
18.18 

  

 
A0 

 
0 (20min) 

 
0.143 

 
0.014 

 
0.004 

 
0.048 

 
87.6 

 
159.89 

 
18.12 

 
6.23 

 
0.33 

 
A1 

 
1 (20,21,22) 

 
0.482 

 
0.031 

 
0.003 

 
0.053 

 
78.1 

 
167.32 

 
17.23 

 
11.16 

 
5.22 

 
A2 

 
2 (20,22,24) 

 
0.645 

 
0.026 

 
0.003 

 
0.060 

 
84.6 

 
174.44 

 
16.76 

 
15.89 

 
7.81 

 
A3 

 
3 (20,23,26) 

 
0.560 

 
0.044 

 
0.005 

 
0.077 

 
95.2 

 
176.01 

 
16.22 

 
16.94 

 
10.78 

 
A4 

 
4(20,24,28) 

 
0.793 

 
0.052 

 
0.006 

 
0.071 

 
91.4 

 
189.333 

 
16.36 

 
25.79 

 
10.01 

 
A5 

 
5 (20,25,30) 

 
0.711 

 
0.058 

 
0.004 

 
0.083 

 
90.3 

 
182.87 

 
16.37 

 
21.50 

 
9.95 

 
A6 

 
6(20,26,32) 

 
0.538 

 
0.045 

 
0.002 

 
0.074 

 
89.7 

 
177.29 

 
16.18 

 
17.79 

 
11.01 

 
A7 

 
7 (20,27,34) 

 
0.469 

 
0.037 

 
0.000 

 
0.062 

 
84.8 

 
170.48 

 
16.98 

 
13.26 

 
6.60 

 
A8 

 
8 (20,28,36) 

 
0.333 

 
0.027 

 
0.000 

 
0.054 

 
84.4 

 
163.60 

 
16.55 

 
8.69 

 
8.96 

 
A9 

 
9 (20,29,38) 

 
0.265 

 
0.034 

 
0.000 

 
0.043 

 
83.0 

 
156.20 

 
16.73 

 
10.42 

 
7.97 

 
A10 

 
10 (20,30,40) 

 
0.201 

 
0.029 

 
0.000 

 
0.048 

 
78.5 

 
155.18 

 
17.00 

 
9.74 

 
6.49 

 

Table 2. Model sensitivity experiments to the physical and AgI dispersion processes. The parameters listed in columns (5-12), represent the maximum 
calculated values during simulation time of  puff concentration (g/m3), spread of the puff diameter (m), vertical extent of puff (m) and AgI mixing ratio 
together with the total accumulated rainfall and hailfall in (kg/m2 and %) on the ground, using different initial amount of seeding (g/m), seeding time 
(min), seeding height (km) and seeding distance (km), given in columns 1-4 in the same Table.   

 
 

RUN 

Seedi
ng 

amou
nt 

(g/m) 

Initial 
seeding 
time 
(min) 

Seeding 
height 
(km) 

Seeding 
distance 

X,Y (km) 

QPUFF 
Conc. 
of puff 
(g/m3) 

DPUF 
Spread 
of  the 
puff 

diam. 
(m) 

ZPUF 
Vert. 
extent 
of puff 
diam. 
(m) 

  RN 
  AgI 
mixing ratio 
(g/kg) 

Total acc. 
rainfall at 
the ground 
(kg/m2) 

Total acc. 
hailfall at 

the ground 
(kg/m2) 

Rainfall 
(%) 

Hailfall 
(%) 

Base 
run 
B 

/    Unseeded 
case 

/ / / 150.51 18.18   

 
B1 

 
0.1 

 
15.0 

 
5.5 

 
11, 11 

5
1052.0

−
x
 

 
87.6 

 
6967 

9
1072.0

−
x
 

 
155.04 

 

 
18.12 

 
3.00 

 
0.33 

 
B2 

 
0.4 

 

 
16.6 

 
5.5 

 
10, 10 

4
1020.0

−
x
 

 
79 

 
6992 

9
1071.1

−
x  

 
189.33 

 
16.36 

 
25.79 

 
10.01 

 
B3 

 
0.6 

 
15.0 

 
5.0 

 
10.5, 10.5 

4
1031.0

−
x
 

 
77.5 

 
7023 

9
1003.2

−
x
 

 
182.13 

 
16.51 

 
21.00 

 
9.18 

 
B4 

 
0.8 

 
16.6 

 
6.0 

 
11, 11 

4
1040.0

−
x
 

 
77 

 
6889 

9
1074.2

−
x
 

 
178.13 

 
16.77 

 
18.35 

 
7.75 

 
B5 

 
1.0 

 
16.6 

 
4.5 

 
9.5, 9.5 

4
1056.0

−
x
 

 
75 

 
6863 9

1090.3
−

x
 

 
169.23 

 
17.28 

 
12.43 

 
4.95 

 
B6 

 
1.5 

 
16.6 

 
5.0 

 
10,10 

4
1079.0

−
x
 

 
77.5 

 
7016 

9
1045.6

−
x
 

 
165.84 

 
17.16 

 
10.18 

 
5.61 

 
B7 

 
2.0 

 
16.6 

 
5.5 

 
10,10 

4
1098.0

−
x
 

 
78.5 

 
6751 

9
1083.8

−
x
 

 
158.08 

 
17.25 

 
5.03 

 
5.11 
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Figure 4. The vertical x-z cross sections of reflectivity patterns of the unseeded (l.s. panels) and seeded 
cloud (r.h. panels) at 20,30,40,50 and 60 min.of the simulation time running a two-dimensional version of 
the model with dimensions of 45x15km2.  
 


