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ABSTRACT

In a detailed microphysical model embedded into a parcel dynamics, a number of sensitivity studies were
effected to test hygroscopic seeding of warm and mixed-phase clouds, varying the size distribution and total
number of salt particles. For warm clouds in general, earlier results in the literature could be confirmed. More
specifically the following conclusions were reached: Certainly, from practical considerations (weight, easy han-
dling), hygroscopic flares have advantages with respect to earlier hygroscopic seeding techniques. The modeling
study supports this choice. Smaller seeding particles have the advantage of increasing the number of drizzle-
size drops, which increases the chance of the seeding material staying in the cloud and affecting the entire cloud.
Larger salt crystals, though increasing precipitation production in the model, risk premature precipitation fallout.
The competition between natural and seeding particles was studied. Concerning the number concentration of
the seeding agents, it seems that increasingly higher number concentrations result in a kind of saturation of the
seeding effect, not further improving rain formation. Mean radii between 0.5 and 6 mm seem to be the optimum
to get a maximum seeding effect. Concerning the mixed-phase clouds, the same kinds of sensitivity tests con-
cerning the seeding agents, their size distributions, and their number concentrations were performed. As in warm
clouds, hygroscopic seeding in mixed-phase clouds modifies the collision and coalescence process. The formed
drops freeze, leading to the formation of numerous graupel particles between 1- and 9-mm radius, while depleting
the liquid phase. The small ice crystals remained almost unaffected.

1. Introduction

Each year, devastating hailfalls cause much damage
to the agricultural community (e.g., Morgan 1973).
Thus, much research aimed at the better understanding
of the production of hail, improved forecasting, and
possible hail prevention has been done during the 1970s
and 1980s, but no conclusive results have been found
(Foote and Knight 1979). During these studies seeding
agents such as AgI or dry ice were used in seeding trials.
These were intended to increase the number of small
ice nuclei, which, then, share among themselves the
available supercooled water and, thus, reduce the size
of the formed hail stones. The Russian scientific com-
munity has claimed to have successfully reduced hail
production through cloud seeding (Sulakvelidze and
Tsykunov 1974), but other studies such as the National
Hail Research Experiment in the United States (Knight
and Squires 1982), or the Grossversuch IV in Switzer-
land (Federer et al. 1986) have not been able to repro-
duce their findings. In all non-Russian campaigns the
seeding results remained inconclusive and statistically
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not significant. Research in this field became rare over
the following years. However, a certain impact was re-
ported concerning inadvertent seeding of clouds by ship
tracks or forest fires (e.g., Ackerman et al. 1995). Then,
Mather (1991) reported a result of inadvertent seeding
by hygroscopic particles emitted from a Kraft paper
mill. This observation led to further cloud seeding ex-
periments in South Africa and elsewhere, aimed at rain-
fall enhancement, which seemed to produce encourag-
ing results. Work by Mather et al. (1997), for example,
indicated a positive relationship between seeded clouds
and increased rainfall intensities for convective clouds
using hygroscopic salt nuclei generated by pyrotechnic
flares. Furthermore, the discovery of the technique of
hygroscopic flares, which have certain advantages with
respect to the classical seeding techniques with salt par-
ticles, in terms of weight and handling, gave a fresh
impulse to the domain and encouraged researchers to
reconsider the possibility of hygroscopic cloud seeding
to modify the evolution of clouds.

Numerical models provide an interesting tool for
studying possible effects of seeding, without having to
run a costly campaign. A number of modeling studies
using spectral microphysics have already looked at the
problem from a theoretical point of view. Here, we
want to mention especially the modeling work pre-
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sented by Cooper et al. (1997; hereinafter CBM97),
Tzivion et al. (1994; hereinafter TRL94), and Silver-
man and Sukarnjanaset (1996; hereinafter SS96). Fur-
thermore, work on this subject has been done by,
among others, Reisin et al. (1996; hereinafter RTL96),
and Yin et al. (2000; hereinafter YLRT00). They all
investigated the hygroscopic seeding with particles
ranging in size from giant salt particles to small par-
ticles around 0.5 mm created by hygroscopic flares.

The models, apart from employing a spectral mi-
crophysics concept, were quite different. CBM97
used a Lagrangian parcel dynamics model, SS96 an
Eulerian one- and one-half-dimensional model,
TRL94 and RTL96 an Eulerian three-dimensional,
axisymmetric model, and YLRT00 an Eulerian two-
dimensional, slab-symmetric model. Thus, it is dif-
ficult to compare quantitatively, as well as qualita-
tively, the results obtained. Furthermore, most of the
investigations (except CBM97) focused on the change
of the precipitation on the ground and radar reflec-
tivity, without putting much attention on the evolution
of the hydrometeor spectra inside cloud and the
change induced in these spectra due to seeding. The
current study focuses on this point.

In the past we have developed the ‘‘detailed scav-
enging and microphysical’’ model (DESCAM). Origi-
nally this model served to study scavenging of gases
and particles by clouds and has already been applied to
a number of case studies. This model contains prog-
nostic equations for the number density distribution
function of aerosol particles in air. In addition, it can
distinguish between different types of aerosol particles
serving as condensation nuclei and, thus, allows study-
ing the possible competition among nuclei of different
origin. Consequently, the size dependency of the seed-
ing agents is treated more explicitly than in the modeling
exercises quoted above, which only consider a depen-
dency of the type CSk for the number of cloud conden-
sation nuclei (CCN), as a function of supersaturation.
Furthermore, DESCAM contains a spectral represen-
tation of the ice microphysics, that is, for small ice
crystals and graupel particles.

In order to simplify the investigation of the changes
in hydrometeor spectra due to seeding, our micro-
physical model is embedded in a simple parcel dy-
namics. This approach imposes certain restrictions on
the interpretation of the results. A parcel model can
only simulate the initial phase of a cloud where as-
cending air motion is dominant over any particle-set-
tling effects. Thus, the evolution of liquid and solid
precipitation cannot be studied. Equally, the spectral
ice microphysics treats the graupel phase of the cloud
up to the achievement of a graupel diameter of 18
mm. Hailstone production is not included. Conse-
quently, we will use the model to study the change
in liquid and solid hydrometeor spectra due to the
seeding with hygroscopic salt particles of different
size spectra during the early lifetime of a cloud. In

this sense it presents an extension of the work of
CBM97 to additional sensitivity studies concerning
the warm case and an extension of the approach in
general to mixed-phase clouds. Thus, the study, and
a comparison with some of the modeling studies men-
tioned above, allows one to resolve some stated dis-
crepancies in literature and to indicate possible im-
pacts of hygroscopic flares on mixed-phase clouds.
One aspect of the study will concern the number of
drizzle-sized drops formed due to seeding. Even
though this has not been confirmed by measurements
yet, there exists a theory in the literature (see e.g.,
CBM97) that increasing the number of drizzle-sized
drops increases the chance of the seeding material to
stay in the cloud and to affect the whole cloud. Larger
salt crystals, though increasing precipitation produc-
tion in the model, risk premature precipitation. Other
theories indicate that hygroscopic seeding might be
mainly acting through dynamical effects. This aspect
cannot be addressed with a parcel model. However,
it is possible to study the impact of the seeding tech-
niques on the production of drizzle-sized particles,
without judging whether or not they will play the role
they are suspected of playing, in real clouds.

In the first section of this paper we will present the
model used. In the second section we will apply the
model to hygroscopic seeding in warm clouds. We re-
apply different approaches from the literature to ini-
tialize seeding in order to homogenize the results, com-
pare them to the original work and extend them to fur-
ther sensitivity studies. In the third section we will apply
all three approaches to mixed-phase cloud in order to
study the potential of the hygroscopic seeding for mod-
ifying such clouds.

2. The model architecture

a. The air parcel dynamics

For studying cloud evolution, air parcel models rep-
resent the simplest dynamics possible. They are able to
represent the early stages of cloud formation, where
cloud-free, buoyant parcels rise from the surface and
reach saturation. This represents the level of cloud base.
Due to the condensation process, latent heat is released,
maintaining buoyancy. The cloudy parcel continues to
rise and the hydrometeors evolve. They grow via con-
densation, collide and coalesce and break up if they
become too large. When the temperature decreases be-
low 08C an ice phase is initiated. Eventually, when the
temperature gradient between the parcel and the envi-
ronment no longer support vertical motion, the parcel
comes to rest.

Thus, air parcels are a valid tool for studying the early
phases of cloud formation. They even allow studying
the initiation and formation of precipitating hydrome-
teors inside the parcel. However, due to the quasi-closed
concept of air parcels, no sedimentation of precipitation-
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TABLE 1. Ten density distribution functions are used in the DESCAM model with m being the drop mass, mAP being the total aerosol
particle mass; k represents different chemical composition of particles (k 5 1 is background aerosol particles, k 5 2 is seeded particles), mi

being the ice crystal mass, and mg being the graupel mass; the drop and aerosol particle, the ice crystal, and graupel particle categories are
logarithmically equally spaced with a mass doubling every second category.

fd(m) Drop number density distribution function. 69, 1–2580 mm
gAPd,k(m) Mass density distribution function for aerosol. Particles in the drops having the

chemical composition k. 69, 1–2580 mm
fAPa,k(mAP) Aerosol particle number density distribution. Function for particles of chemical

composition k in the air. 107, 1023–200 mm
gAPa,k(mAP) The mass density distribution function for aerosol particles of chemical composition

k in the air. 107, 1023–200 mm
fi(mi) Number density distribution function for hexagonal ice crystals. 69, 1–2580 mm
gi(mi) Mass density distribution function for hexagonal ice crystals. 69, 1–2580 mm
gAPi,k(mi) Mass density distribution function for aerosol particles in hexagonal ice crystals of

chemical composition k. 69, 1–2580 mm
fg(mg) Number density distribution function for graupel particles. 40, 90–9000 mm
gg(mg) Mass density distribution function for graupel particles. 40, 90–9000 mm
gAPg,k(mg) Mass density distribution function for aerosol particles in graupel particles of chem-

ical composition k. 40, 90–9000 mm

sized hydrometeors can be considered. Thus, their ap-
plicability ends when, in real clouds, precipitation starts
falling measurably with respect to the air, and down-
drafts develop next to the updraft core.

The evolution of temperature T, vertical wind speed
W, and moisture wy inside a rising and entraining air
parcel can be calculated by (Pruppacher and Klett 1997;
Flossmann et al. 1985):

dW g T 2 T9 mV V 25 2 w 2 W ,L1 2dt 1 1 g T9 1 1 gV

dT gW L Le m5 2 2 m(T 2 T9)W 1 C 1 CPh,e Ph,mdt c c cp p p

Ls1 C , andPh,scp

dwy 5 2m(w 2 w9) 2 C 2 C ,y y PH,e PH,sdt

where g is the acceleration of gravity; g ; 0.5; wL is
the liquid water content; m is the entrainment rate; cp

is the specific heat of air at constant pressure; Le, Lm,
and Ls are latent heat of evaporation, melting, and fu-
sion, respectively; and, CPH,e, CPH,m, and CPH,s are rates
of evaporation, melting, and fusion, respectively. The
primed quantities pertain to the values in the environ-
ment. The entrainment rate can be parameterized using
the assumption of a homogeneous entrainment, as in
Pruppacher and Klett (1997):

a
m 5 ,

R

where

d lnR 1 d lnr
5 mW 2 ,1 2dt 3 dt

where r is the density of the air. The homogeneous
entrainment approach has limitations; for example, Bak-
er and Latham (1979, 1982) and Baker et al. (1980)
suggest that in clouds an inhomogeneous mixing is ef-
fective. However, in the present study, which is not
aimed at realistically modeling the lifecycle of a cloud,
but rather intended to study possible effects of the seed-
ing approach, using homogeneous entrainment will
probably be sufficient. The effect of different values for
a, ranging from a 5 0 (adiabatic case) to a 5 0.9 will
be discussed below.

b. The microphysics model

The basic microphysical framework employed in the
present study is the model DESCAM, as discussed in
Flossmann et al. (1985, 1987). There, the aerosol par-
ticles are treated in a spectral form. Apart from adia-
batic lifting and entrainment–detrainment, the number
of particles of a certain size changes due to activation
of droplets, size changes resulting from humidity
changes, and impaction scavenging by drops. The nu-
cleated drops then grow by condensation or evaporate,
collide, and coalesce, and eventually break up. During
their lifetime they further scavenge particles, and the
scavenged pollutant mass is redistributed through the
microphysical processes. The extension of this micro-
physical and scavenging model to the scavenging of
two different types of aerosol particles [e.g.,
(NH4) 2SO4 and NaCl for marine air masses] is de-
scribed in Flossmann (1991) and the inclusion of ef-
fects of gaseous H2O 2 and O3 on the uptake and ox-
idation of SO2 was presented in Flossmann (1994).

In its extension to mixed-phase clouds the model
DESCAM (Alheit et al. 1990) considers additionally the
number and mass density distribution functions of ice
crystals assumed as hexagonal plates and graupel par-
ticles, as well as the aerosol mass attached to them. The
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distribution functions used in the present application are
summarized in Table 1. The main process to initialize
ice formation in this model is the Bigg drop-freezing
process (Bigg 1953):

dNf
5 N B9V exp[b9(T 2 T )],d d 0dt

as used in Orville and Kopp (1977). Herein, Nf is the
number of frozen drops, Nd is the number of unfrozen
drops of volume Vd, and T0 5 273 K.

Alheit et al. (1990) showed that the Bigg freezing
process dominates the formation of large ice particles
over the vapor deposition on Fletcher ice nuclei, in con-

vective clouds. Furthermore, we did not consider the
Hallet–Mossop ice multiplication process [for details
see Pruppacher and Klett (1997)] which increases the
number of ice crystals and, thus, slows down the de-
velopment of large ice aggregates. Our study focuses
on the initial phase of the hail development, where the
ice aggregates just begin to form. Consequently, the
graupel size distribution ends at 9 mm in radius, which
is just the beginning of the hail sizes. In order to simulate
hail production correctly, a complete dynamical frame-
work is necessary.

Thus, the considered density distribution functions
obey to a prognostic equation of the form:

]c(m)
5 2m[c(m) 2 c9(m)]U (d, i, g, AP),

]t

]c(m)
1 (activation/deactivation of drops) (d, AP),)]t

]c(m)
1 (nucleation of ice crystals) (i, AP),)]t

]c(m)
1 (freezing of drops → ice crystals/graupel) (d, i, g),)]t

]c(m)
1 (condensation/evaporation) (d, i, g, AP),)]t

]c(m)
1 (impaction scavenging) (d, i, g, AP),)]t

]c(m)
1 (collision and coalescence) (d),)]t

]c(m)
1 (breakup) (d),)]t

]c(m)
1 (riming of ice crystals and graupel) (d, i, g),)]t

]c(m)
1 (conversion ice crystals → graupel) (i, g), and)]t

]c(m)
1 (melting of ice crystals and graupel) (d, i, g),)]t

where d indicates the terms appearing in the equation
for the drops, i those for the hexagonal ice crystals, g
those for the graupel, and AP those for the aerosol par-
ticles in air.

3. The initialization of the model

a. Initialization of dynamics and thermodynamics

The air parcel is initialized with a radius of 350 m
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TABLE 2. Parameters for the background rural aerosol particle dis-
tribution for the air parcel dynamics; ni 5 total number of aerosol
particles per cubic centimeters; Ri 5 geometric mean aerosol particle
radius (mm); si 5 std dev in mode i.

Mode i ni Ri log si

1
2
3

6650
147

1990

0.007 39
0.0269
0.0419

0.225
0.557
0.266

TABLE 3. Parameters for the seeding aerosol particle distribution
after CBM97, TRL94, and SS96 for the air parcel dynamics; ni 5
total number of aerosol particles per cubic-centimeter ; Ri 5 geometric
mean aerosol particle radius (mm); si 5 std dev in mode i.

Case
after Mode i ni Ri logSi

Model
case

CBM97

TRL94
SS96

1
2
1
1

150
0.105
3.1 3 1023

1.3 3 1024

0.15
0.5

16
113

0.2
0.4
0.08
0.6

C4

T2
S

FIG. 1. (a) Initial dry number density distribution function of the background aerosol particle spectrum as given by Eq. (1) and Table 2. (b)
Initial dry number density distribution function of the seeding aerosol particle spectrum after CBM97 (C4), TRL94 (T2), and SS96 (S).

and is launched at an initial altitude corresponding to
cloud base of 1000 m for the study of warm clouds and
at 750 m for the study of mixed-phase clouds. The tem-
perature and pressure values are those of the prescribed
environmental sounding. The relative humidity is set to
99% and the initial vertical velocity to 1 m s21, a typical
value for cumulus clouds. The different cloud base is
due to the different soundings used for warm and for
mixed-phase clouds: For the warm-cloud case the
sounding is the one described by Lee et al. (1980) and
for the mixed-phase clouds the sounding is the one de-
scribed by Alheit et al. (1990).

b. Initialization of the aerosol particle spectrum

1) INITIALIZATION OF THE BACKGROUND AEROSOL

PARTICLE SPECTRUM

The initial dry aerosol particle spectrum for the back-
ground was assumed to be of rural type consisting of a
superposition of three lognormal distributions as pro-
posed by Jaenicke (1988):

dN
5 f (lnr)APad lnr

3 2n [log(r/R )]i i5 exp 2 . (1)O 1/2 2(2p) logs ln10 2(logs )i51 5 6i i

The parameters are summarized in Table 2. In order to
simplify the calculations, all particles were assumed to
consist of 100% (NH4)2SO4.

The resulting dry aerosol particle number size dis-
tribution is displayed in Fig. 1a. We selected this aerosol
size distribution as it provides numerous cloud conden-
sation nuclei during cloud formation. These CCN result
in a narrow drop spectrum, containing about 850 cm23

small drops immediately at cloud base. These grow only
little during the ascent of the air parcel so that precip-
itation-sized drops form only very late. In general, this
represents a cloud which is not very favorable for the
formation of rain in a nonseeded case (cf. section 4).
We chose this background spectrum, as our sensitivity
tests confirmed the previous results of CBM97, TRL94,
and SS96 that seeding is not very effective for a particle

Unauthenticated | Downloaded 01/26/21 01:53 PM UTC



338 VOLUME 41J O U R N A L O F A P P L I E D M E T E O R O L O G Y

TABLE 4. Test cases studied for the seeding after CBM97 and
TRL94; ni 5 total number of aerosol particles per cubic centimeter;
Ri 5 geometric mean aerosol particle radius (mm); si 5 std dev in
mode i.

Case n1 n2 R1 R2 logs1 logs2

C1
C2
C3
C4
C5

2600
1500
750
150
15

1.82
1.05
0.525
0.105
0.0105

0.15
0.15
0.15
0.15
0.15

0.5
0.5
0.5
0.5
0.5

0.2
0.2
0.2
0.2
0.2

0.4
0.4
0.4
0.4
0.4

C6
C7
C8
T1
T2

150
150
150
0.031
3.1 3 1023

0.15
0.5
1.25
16
16

0.2
0.2
0.2
0.08
0.08

T3
T4
T5

3.1 3 1024

3.1 3 1025

3.1 3 1023

16
16
6

0.08
0.08
0.08

T6
T7
T8

3.1 3 1023

3.1 3 1023

3.1 3 1023

10
13
20

0.08
0.08
0.08

spectrum, such as a marine aerosol particle spectrum,
that produces rain on its own.

2) INITIALIZATION OF THE SEEDING SPECTRUM

In order to simulate the seeding of a cloud by hy-
groscopic particles in the model, we add to the dry
background aerosol particle spectrum a second aerosol
particle spectrum resulting from the seeded salt nuclei.
As explained earlier, seeded particles can have a variety
of different sizes. We have focused here on three dif-
ferent size ranges, each one taken from a publication
concerned with the simulation of a seeding event. Due
to the fact that we use the same kind of model for the
different seeding approaches it will be possible to com-
pare at least qualitatively the effect of the different seed-
ing methods. However, we will disregard the fact that
the different seeding techniques are used differently at
different cloud altitudes, in real clouds. In the present
study all seeding agents will be injected below cloud
base to keep the results comparable.

(i) Cloud seeding after Cooper et al.

The study made by CBM97 and part of the study by
SS96 is based on the seeding technique using hygro-
scopic flares. Investigations by Mather et al. (1997)
showed that the salt particles are relatively small. Fol-
lowing CBM97 we approximated the seeded spectrum
by a superposition of two lognormal modes (No. mod
5 2):

dN
5 f (lnr)APad lnr

No. mod. 2n [log(r/R )]i i5 exp 2 .O 1/2 2(2p) logs ln10 2(logs )i51 5 6i i

(2)

The mean radius and the standard deviation of the two
lognormal modes were taken as proposed by CBM97
and are summarized in Table 3. The seeding particles
were assumed to consist entirely (« 5 1) of NaCl, for
all seeding spectra used in this modeling exercise. Ob-
viously, hygroscopic particles can also be made of cal-
cium chloride or other salts. However, for the config-
uration chosen, the role of the chemical composition is
not dominant. In the parcel model, at t 5 0 s, the aerosol
particles are assumed to be wet and at equilibrium size
with 99% relative humidity. Sensitivity tests (Ahr et al.
1989) have shown that highly soluble aerosol particles
(« . 0.5) have taken up so much water at this stage
that their solute concentration becomes negligible. Se-
lecting NaCl will, thus, only affect the solute effect in
the Köhler equation for lower relative humidities (Prup-
pacher and Klett 1997), having small impact on the
number of particles activated. The resulting dry aerosol
particle spectrum is displayed in Fig. 1b.

CBM97 also gave a ratio for the number concentration

of each mode, which we maintained for our sensitivity
test. For some sensitivity studies we will further follow
CBM97 and just use one single mode with a standard
deviation of 0.2. The cases studied with the seeding ap-
proach of CBM97 are summarized in Table 4.

(ii) Cloud seeding after Tzivion et al.

The particles modeled by TRL94 are larger than those
studied by CBM97, as they do not describe flares but
rather hygroscopic particle seeding with a size around
16 mm. From the information given we derived an initial
number concentration. Using a lognormal distribution
with a single mode [No. mod. 5 1 in Eq. (2)] our ref-
erence values are given in Table 3.

The resulting seeding spectrum (NaCl, « 5 1) is also
displayed in Fig. 1b. The sensitivity tests effected with
this seeding approach are summarized in Table 4.

(iii) Cloud seeding after Silverman and
Sukarnjanaset

The last seeding approach we tested with our model
represents the hygroscopic seeding method using very
large salt crystals following one of the approaches of
SS96. We have modeled this technique, as in the pre-
vious case, by one mode, using No. mod. 5 1 in Eq.
2. Our reference values are given in Table 3 and the
corresponding spectrum is included in Fig. 1b. We have
done no sensitivity tests for this case.

4. Results of the sensitivity test for warm clouds

The first test we effected concerns the different seed-
ing techniques modeled by CBM97, TRL94, and SS96
and how they perform with respect to the unseeded
warm cloud. The characteristic features of the different
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TABLE 5. Results for warm clouds for the test cases detailed in Table 4. In the cases where no value for a is indicated, a 5 0.6 was used.
The number concentrations of drops Nd as function of time, and the activated aerosol particles directly at cloud base NAP, are given per cubic
centimeter. The number reduction is given in percent with respect to the initial number concentrations.

Case Nd at 200 s Nd at 600 s Nd at 1200 s
NAP,nat.,act.

(number reduction)
NAP,seeded,act.

(number reduction)
Supersaturation

peak (%)

Natural
Natural a 5 0
C1
C2
C3

635
921
969.1
919.1
742.1

420.7
881.2
1161
971.4
693.3

364
807.6
1244
930.9
634.8

855.6 (9.8%)
938.9 (10.87%)
19.5 (0.2%)
51.3 (0.6%)
115.5 (1.3%)

970.7 (37.3%)
925.2 (61.6%)
602.3 (80.3%)

0.220 677
0.244 138
0.104 34
0.104 34
0.104 34

C4
C4 a 5 0
C4 a 5 0.3
C4 a 5 0.9
C5

696.7
1000.9
806.8
583
675.8

473.6
957.2
640.9
366.1
442.3

417.1
610.9
492.1
344.8
352.35

747.2 (8.6%)
867.2 (10.1%)
807.8 (9.3%)
639.3 (7.3%)
897.9 (10.3%)

152.1 (99.4%)
149.5 (99.7%)
150.8 (99.6%)
153.7 (99%)
15.21 (99.7%)

0.201 07
0.225 363
0.2164
0.185 08
0.233 474

C6
C7
C8

696.9
284.9
351

473.7
350
251.6

419.5
347.2
302.1

747.6 (8.6%)
166.4 (1.9%)
243.3 (3.7%)

152 (99.4%)
150 (99.9%)
158.35 (100%)

0.201 177
0.104 34
0.114 466

T1
T2
T3

646.2
665.6
667.4

399.3
426.1
432.4

332.7
365.9
354.2

901 (10.3%)
906.5 (10.3%)
907 (10.4%)

0.0315 (100%)
0.003 15 (100%)
0.000 315 (100%)

0.237 12
0.238 457
0.238 57

T4
T5
T6

667.6
667.6
667.5

433
433
432

365.5
365.3
346.2

907 (10.4%)
906.9 (10.4%)
906.8 (10.3%)

0.000 031 5 (100%)
0.003 15 (100%)
0.003 15 (100%)

0.238 58
0.238 56
0.238 53

T7
T8
S

667
661.6
666.7

430.2
414.6
430.3

347.8
362.5
343.5

906.7 (10.3%)
906.2 (10.3%)
907 (10.4%)

0.003 15 (100%)
0.003 15 (100%)
0.000 089 7 (100%)

0.238 496
0.238 39
0.238 565

simulations concerning warm clouds are summarized in
Table 5. The results are also displayed in Fig. 2. Figure
2a displays the time evolution of a drop water mass
spectrum forming on a rural aerosol particle spectrum
described by Eq. (1) and Table 2. Cloud base, at 1-km
altitude, has a temperature of 288 K, and cloud top is
at 4.33 km with a temperature of 267 K. Many small
drops (;635 cm23 after 200 s) form at cloud base and
grow only little by condensation in the first 1200 s of
cloud life. Only after 20 min the second maximum in
the liquid water spectrum develops indicating the pres-
ence of precipitation-sized drops. The liquid water con-
tent then is around 1.2 g m23.

In Figs. 2b–d we see that seeding the same cloud
below cloud base with the seeding spectra given by Eq.
(2) and Table 3 significantly accelerates the formation
of larger drops in all cases. Table 5 allows understanding
the competition between the natural aerosol particles
and the seeded particles. In the natural case the peak
supersaturation is 0.22% activating 855 cm23 of parti-
cles. This represents about 9.8% of the number con-
centration of the initial natural aerosol population. With
time the number concentration of the formed drops de-
creases due to detrainment and collision and coalescence
processes (cf. Table 5).

In the seeded cloud C4, the number of naturally ac-
tivated aerosol particles decreases (only 747 cm23 cor-
responding to 8.6% of the initial aerosol population)
while a significant number of seeded particles (152
cm23) were activated. The peak supersaturation has
decreased a bit with respect to the natural case (0.2%)

due to the presence of the large number of small and
large particles. After 200 s the number of drops is a
bit larger (697 cm23) than in the nonseeded case. Fig-
ure 2b illustrates that these additional drops, formed
on larger aerosol particles, have radii between 10 and
300 mm. These numerous drizzle-size drops collide and
coalesce producing precipitation in 20 min (see Fig.
2b and Table 5).

These results were obtained using a mean entrainment
rate of a 5 0.6. In order to quantify the effect of the
homogeneous entrainment assumption, we have varied
the parameter a. The results are displayed in Fig. 3. In
Figs. 3a,b, a was set to zero for the natural and the C4
cases, while Figs. 3c,d show the impact of an even high-
er entrainment rate than used in Fig. 2. We can state
that the main change is effectively caused by the seeding
agent, while the entrainment rate plays a relatively small
role during the early stages of the cloud.

Figures 4a,b display the consequences of the cloud
formation on the interstitial (unactivated) aerosol par-
ticle spectrum in the adiabatic case and in the case with
an entrainment rate of a 5 0.6. We see the initial natural
and the initial seeded, moist aerosol particle spectrum,
and the part that remains after 200 s of cloud lifetime.
We see that both spectra are truncated at a radius that
corresponds to the activating supersaturation. Further-
more, the natural spectrum has decreased several orders
of magnitude at the small particle end due to impaction
scavenging by Brownian motion (Flossmann et al.
1985). We note that the entrainment rate only slightly
modified the spectra. It replenished some previously
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FIG. 2. Drop water mass density distribution function as a function of drop radius and as a function of parcel lifetime (a) for the
unseeded case, (b) for case C4 (c), for case T2 and, (d) for case S, for a warm convective cloud, for an entrainment rate of a 5 0.6.

emptied categories around the activation radius. As,
however, the general influence of the entrainment rate
at these early cloud stages is small, we will keep for
the following the value of a 5 0.6.

In cases T2 and S, the seeded particles act quite
differently, as can be seen from Table 5. Here, very
few but giant aerosol particles are activated early.

Their uptake of vapor is slow, thus the supersaturation
builds up to values of 0.24% activating slightly more
natural particles (;907 cm 23 corresponding to 10%
of the initial aerosol number concentration) than in
the nonseeded case. The few giant seeded particles
initiate a rapid precipitation, which is even faster in
case T2 (see Fig. 2).
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FIG. 3. Drop water mass density distribution function as a function of drop radius and as a function of parcel lifetime (a) for the adiabatic
unseeded case, (b) for an adiabatic case C4, (c) for case C4 with a 5 0.3 and, (d) for case C4 with a 5 0.9, for a warm convective cloud.

However, as already pointed out by CBM97, this rap-
id production of large drops might result in a premature
precipitation limiting the seeding effect to the seeded
cloud-region alone while seeding with flares, as is case
C4, results initially in an increase in the drizzle-size
drops. These numerous drizzle-size drops are probably
small enough to stay inside the cloud for a longer time,
propagate to larger regions and, thus, initiate precipi-

tation in the entire cloud. We can, thus, confirm the
production by the flares of these drizzle-size drops, and
will devote an increased attention to the flare cases.

In the following, we will present sensitivity studies
concerning the number concentration of seeding parti-
cles and their mean radius. We will focus here on the
spectra of CBM97 and TRL94, as the SS96 spectrum
is of less interest given the conclusions above.
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FIG. 4. Moist aerosol particle number concentration for (a) the case C4 with a 5 0.6 and (b) the adiabatic case C4. The dotted lines
represent the aerosol particle spectra at t 5 0; the solid lines give the unactivated particles at t 5 200 s.

a. Results of the sensitivity tests concerning the
seeding spectrum according to CBM97

With cases C1–C5 (see Table 4), we performed a
sensitivity test concerning the number concentration
of the two modes of seeding particles. The ratio of
the concentrations for the two lognormal distributions
was selected to be 1:7 3 10 24 based on Fig. 1 of
CBM97 and YLRT00. Looking at Table 5, we note
that for very high numbers of seeded particles (e.g.,
case C1, Fig. 5a), the seeded particle spectrum dom-
inates over the natural one. Fewer than 0.2% of the
natural number of particles were activated but 37%
of the seeded particles were activated. As those drops
were rather large, the supersaturation peak decreased.
When the number of seeded particles decreases (cases
C2–C5) the number of activated seeded particles de-
creases also and correspondingly the number of nat-
ural particles increases in such a way that the total
number of drops varies only slightly (cases C1, C2,
and C3). Thus, we can identify a kind of saturation
of the seeding effect linked to the increase in the
number of seeded particles. It might be possible, how-
ever, that this saturation effect is introduced by the
parcel model dynamics and will be different in a more
complex dynamic framework. Furthermore, the model
results indicate that too low a number concentration
of seeding particles, as represented by case C5 (Fig.
5b), does not seem satisfactory since it leads to pre-

cipitation formation only very late, almost as in the
unseeded case (Fig. 2a). Thus, concerning the number
concentrations, the case C4 seems to represent the
optimum as it increases the number of drizzle-sized
drops without producing rain drops too rapidly.

In the following we studied the effect of the mean
particle radius. In order to make this dependency appear
more clear we restricted the seeded spectrum to a un-
imodal one, as suggested by CBM97. The mean radius
of the distributions moves from 0.15 (case C6 corre-
sponding to the location of the first mode in C4), to 0.5
(case C7 corresponding to the second mode in C4), and
beyond to 1.25 (case C8), to study the effect of even
larger seeding particles. The number concentration was
chosen to be identical in all cases, corresponding to the
optimum identified above for C4. The extremes of this
study are summarized in Figs. 3c, d. We see there that
the result of case C6 (Fig. 5c) closely resembles the
unseeded evolution (see Fig. 2a), even though the num-
bers in Table 5 are almost the same as in case C4. This
is due to the fact that the seeded spectrum covers the
same size range as the natural background spectrum
(rural type) and is missing the tail of a small number
of large particles as in case C4. Thus, no larger drops
are formed and, as the natural spectrum was already not
favorable for precipitation formation, the seeding does
not improve the situation.

As the mean radius of the seeded spectrum increases,
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FIG. 5. Drop water mass density distribution function as a function of drop radius and as a function of parcel lifetime (a) for case C1, (b)
for case C5, (c) for case C6, and (d) for case C8, for a warm convective cloud.

the efficiency for rain production increases. This effect
is almost continuous. We can, thus, conclude that the
largest mean radius corresponding to case C8 would
represent the most rapid production of raindrops. By
continuing the sensitivity tests for the spectrum of Tzi-
vion et al. (1994), we will see whether this evolution
will confirm itself for even larger salt crystals.

b. Results of the sensitivity tests concerning the
seeding spectrum according to TRL94

The results of sensitivity studies with the spectrum
according TRL94 are displayed in Fig. 6 and Table 5.
In the first set of tests the mean radius stayed constant;
only the total number concentration increased in each
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FIG. 6. Drop water mass density distribution function as a function of drop radius and as a function of parcel lifetime (a) for case T1, (b)
for case T4, (c) for case T5, and (d) for case T8, for a warm convective cloud.

test, by a factor of 10 (cases T1–T4). Figures 6a,b dis-
play the results of the two extreme cases T1 and T4.
Similar to the cases of CBM97, we can detect a kind
of saturation of the seeding effect. Comparing T1, T2,

and T3, only little enhancement of precipitation for-
mation can be noted.

Concerning the increase in radius from cases T5 to
T8 we can see (Fig. 6c,d) an enhancement of precipi-
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tation production the larger the mean radius gets, in line
with the findings for the C-cases. However, this en-
hancement is not improving rain formation significantly
further, once r . 10 mm. In addition to that, we can
see from Fig. 4c that the case T5, with a mean radius
of 6 mm, produces results similar to C4 regarding the
number concentration of drizzle-size drops. Thus, the
T-sensitivity studies allow us to define the optimum
range of the mean radius of the seeding particles be-
tween 0.5 (from C4) and 6 (from T5) mm, for the dy-
namical case studied.

In the following section we will extend our study to
the early stages of mixed-phase clouds to see whether
seeding by hygroscopic flares would also be an inter-
esting approach for such clouds.

5. Results of the sensitivity test for mixed-phase
clouds

Because of the need to simulate lower temperatures
inside the cloud than in warm clouds, the sounding was
changed for this case study. The temperature of cloud
base at 750 m is 279 K and the temperature at cloud
top at 4.9 km is 247 K. The unseeded cloud again forms
on a rural aerosol particle spectrum as given by Eq. 1
and Table 2. As the cloud evolves a narrow drop size
spectrum has again formed, displayed in Fig. 7a. Sim-
ilarly to the warm case (Fig. 2a) the drop size broadens
little due to collision and coalescence as the liquid water
content increases to 1.1 g m23 at 20 min (Table 6). Then,
the cloud top extends into sufficiently cold regions that
an important number of ice crystals (Fig. 8a) and graupel
(Fig. 9a) form, due to Bigg freezing of drops. Thus, the
liquid water content of the drops starts to decrease and
at 1800 s we see a noticeable reduction in water mass
associated with the drop spectrum (Fig. 7a). Thus, rain-
drops will not be formed via the liquid phase. However,
after 30 min an important number of graupel particles
between 1 and 9 mm appear that continue to grow slow-
ly.

In the model we have seeded the cloud with the three
hygroscopic seeding spectra discussed above (C4, T2,
S). The trend indicated already in the study of warm
clouds is confirmed. With increasing size of the seeding
particles the liquid drop spectrum activates the collision
and coalescence process earlier in the cloud lifetime
(Figs. 7b–d) even though the number of drops initially
formed is almost the same (cf. Tables 5 and 6). The
most rapid development can be noted again for the case
S that has produced millimeter-sized drops after 20 min.
In the seeded cloud the formed large drops freeze and
an increasing number of graupel (Figs. 9b–d) appear.
These ice particles reduce the number and size of the
liquid drops so that near cloud top almost no drizzle-
sized drops remain. The ice crystal spectra that appear
(Figs. 8b–d) are almost identical to the ones formed in
the unseeded case (Fig. 8a). These have been formed
by the freezing of small drops that are practically un-

touched by the seeding. However, the number of graupel
particles between 1 and 9 mm has significantly increased
in all cases. In fact, this result suggests that again the
seeding will increase the number of large hydrometeors,
which will eventually fall out and reach the ground as
liquid or solid depending on the height of the 08 iso-
therm.

With regard to the mixed-phase clouds we have ef-
fected the same kinds of sensitivity tests concerning the
seeding agents, their size distribution, and their number
concentration (see Flossmann et al. 1999). However,
they will not be presented here, as they do not reveal
any additional information.

6. Discussion

We have applied a microphysical model (DESCAM)
coupled with a parcel dynamics to study the impact of
hygroscopic seeding on the early stage of the evolution
of a warm and a mixed-phase convective cloud. The
microphysical model allows calculation of the time evo-
lution of the drop, the ice crystal, and the graupel spec-
tra, and considers nucleation on an aerosol particle spec-
trum, explicitly. Even though DESCAM was developed
to calculate particle and gas scavenging, it is, due to its
explicit configuration, very much adapted to study the
evolution of a cloud that forms on a natural background
particle spectrum as well as on artificially introduced
seeding particles. These seeding particles enter into
competition with the natural particles, and the relative
size and number distributions of both finally determine
the evolution of the cloud. More specifically we have
found the following.

1) Clouds that form on a maritime type aerosol particle
spectrum favorable to a rapid onset of the collision–
coalescence process form rain easily and are, thus,
not useful seeding candidates. At the worst, seeding
can reduce rain, when the added particles are too
numerous and in the same size range as the back-
ground aerosol. (The figures were not shown here).

2) The clouds most sensitive to seeding are the ones
that form on rural-type aerosol particle distributions,
just at the limit of conditions suitable for the onset
of natural precipitation formation. Thus, we selected
such a case for our sensitivity study.

3) For the study presented here we used an entraining
air parcel model. Thus, the results obtained have to
be discussed in this dynamical framework. However,
the actual parameterization of the entrainment rate
has a relatively small influence on the presented re-
sults as we limit our discussion to the early stages
of a cloud where the influence of entrainment is gen-
erally small. The major impact on the hydrometeor
spectra results from the chosen natural and seeded
aerosol particle spectra.

4) In order to initiate or accelerate precipitation for-
mation the seeding particles have to be larger than
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FIG. 7. Drop water mass density distribution function as a function of drop radius and as a function of parcel lifetime (a) for the
unseeded case, (b) for case C4, (c) for case T2, and (d) for case S for a mixed-phase convective cloud.

the natural ones. In this configuration they take over
the role of principal nuclei and reduce the number
of activated background particles.

The findings in 1, 2, and 4 are in agreement with
YLRT00, CBM97, TRL94, and SS96.

5) The acceleration of precipitation formation is greater
the larger the seeded particles. Thus, the most rapid
formation occurred in the model for very large radii
(.15 mm). However, the precipitation particles that
form on these ultragiant condensation nuclei might
fall out prematurely. Thus, the seeding will act only
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TABLE 6. Results as a function of time for mixed-phase clouds for the unseeded case (natural) and the three seeded cases from Table 3.
Parameters Nd, Ni, and Ng are the number concentrations for drops, ice crystals, and graupel particles, respectively, per cubic centimeter;
Wd, Wi, and Wg are the condensed mass of drops, ice crystals, and graupel, respectively, in grams per cubic meter. Here Speak is the peak
supersaturation.

Case 200 s 600 s 800 s 1200 s 1800 s

Natural Speak: 0.28% Nd

Ni

Ng

W1

Wi

Wg

335.2
0.0
0.0
0.161
0.0
0.0

286.9
4.176 3 1029

0.0
0.64
2.019 3 10211

0.0

348.9
1.18 3 1027

0.0
0.943
2.463 3 1029

0.0

236.4
3.712 3 1025

5.231 3 10210

1.112
3.637 3 1026

2.617 3 1029

126.7
5.21 3 1022

4.532 3 1022

0.749
1.125 3 1022

0.128
C4 Speak: 0.24% Nd

Ni

Ng

W1

Wi

Wg

358.9
0.0
0.0
0.164
0.0
0.0

300.7
4.709 3 1029

1.584 3 10213

0.64
1.955 3 10211

1.118 3 10212

375.1
1.18 3 1027

1.41 3 10211

0.943
2.432 3 1028

1.548 3 1029

242.5
3.717 3 1025

7.47 3 1028

1.112
3.604 3 1025

1.405 3 1024

131.5
5.516 3 1022

3.315 3 1023

0.727
0.011
0.167

T2 Speak: 0.28% Nd

Ni

Ng

W1

Wi

Wg

334.7
0.0
0.0
0.165
0.0
0.0

285.4
4.612 3 1029

3.308 3 10211

0.64
2.685 3 10211

3.509 3 10210

345.9
1.14 3 1027

9.741 3 10210

0.941
2.372 3 1029

3.205 3 1028

214.2
3.336 3 1025

2.712 3 1026

1.1195
3.35 3 1026

2.578 3 1023

263.9
0.102
4.81 3 1024

0.306
8.233 3 1023

0.64
S Speak: 0.28% Nd

Ni

Ng

W1

334.75
0.0
0.0
0.162

286.2
4.692 3 1029

1.021 3 10211

0.64

347.5
1.17 3 1027

3.319 3 10210

0.94

229
3.581 3 1025

1.23 3 1026

1.127

204.8
8.664 3 1022

2.865 3 1023

0.558
Wi

Wg

0.0
0.0

2.008 3 10211

2.495 3 1029

2.441 3 1029

2.454 3 1027

3.548 3 1026

1.998 3 1022

1.211 3 1022

0.353

in the immediate vicinity of the seeding location.
The problem of the premature fallout of the seeded
drops has been noted before and, thus, the impor-
tance of the Langmuir chain reaction (Farley and
Chen 1975; Biwas and Dennis 1971) and the colli-
sional breakup process (Tzivion et al. 1994) have
been pointed out to lengthen and widen the effect of
the hygroscopic seeding or it has been proposed to
seed from cloud top (Rasmussen et al. 1989). In this
respect we can support the statement of CBM97 who
found that seeding with flares probably will improve
this situation by the fact that the small particles emit-
ted by the hygroscopic flares will not immediately
increase the number of rain drops but, instead, ini-
tially increase the number of drizzle-sized drops.
Those will not fall out as rapidly and have, thus, a
greater chance to be diffused throughout the cloud
and initiate collision–coalescence in the entire cloud
region. This theory seems plausible; however, it has
yet not been confirmed by measurements.

6) As to the saturation of the seeding effect for increas-
ing number concentration, this result has not been
reported before. This is probably due to the fact that
previous models were not able to fully take into ac-
count the competition between the nuclei of different
size and origin. Our model results suggest that the
cloud selects the largest possible nuclei and then
stops activation. As long as the seeding agent dis-
plays no extremes (very small or very large particles)
in the distribution function the formed cloud will be
rather insensitive to overseeding. Here, however, the

impact of the parcel model dynamics has to be quan-
tified. Still, underseeding is possible as already
pointed out by other studies.

The above are the main conclusions we can draw for
the hygroscopic seeding of warm, that is, all-liquid
clouds. Concerning the mixed-phase convective clouds
we can conclude the following.

7) Again, hygroscopic seeding with flares or particles
increases the formation of large drops. If we assume
that ice initiation in a convective cloud mainly works
via the Bigg freezing of drops, this will result in an
increase of the number of ice particles in the mil-
limeter-sized range. At the same time the available
liquid water decreases without affecting the concen-
tration of small ice crystals. The graupel particles
will then grow and precipitate, either in a solid or a
liquid form. Thus, also in the mixed-phase cloud,
the hygroscopic seeding has accelerated the precip-
itation formation.

7. Conclusions

From the results of the case studies presented above
we conclude that hygroscopic seeding by flares repre-
sents a promising approach for the future. From practical
considerations (weight, easy handling) hygroscopic
flares have advantages with respect to classical hygro-
scopic seeding techniques.

Unauthenticated | Downloaded 01/26/21 01:53 PM UTC



348 VOLUME 41J O U R N A L O F A P P L I E D M E T E O R O L O G Y

FIG. 8. Ice crystal mass density distribution function as a function of ice crystal radius and as a function of parcel lifetime (a) for the
unseeded case, (b) for case C4, (c) for case T2, and (d) for case S, for a mixed-phase convective cloud.

The modeling study supports this choice. Smaller
seeding particles have the advantage of increasing the
number of drizzle-sized drops, increasing the chance of
the seeding material to stay in the cloud and to affect
the whole cloud. Larger salt crystals, though increasing
precipitation production in the model, risk a premature

precipitation. Concerning the radius, we can conclude
that mean radii between 0.5 and 6 mm would be desir-
able to get a good seeding effect, for the dynamical case
studied.

For the first time we carried out a spectral modeling
study with a detailed treatment of the aerosol particle
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FIG. 9. Graupel mass density distribution function as a function of graupel particle radius and as a function of parcel lifetime (a) for the
unseeded case, (b) for case C4, (c) for case T2, and (d) for case S for a mixed-phase convective cloud.

spectra concerning the potential of hygroscopic flares
for treating mixed-phase clouds. Even though the ap-
plicability of the model is limited to the initial phase of
graupel formation, the results are, nevertheless, en-
couraging, in terms of a potential impact of flare seeding
also for a precipitation increase in mixed-phase clouds.

Certainly, the results presented here are not final.
They give an indication as to the possible effect a hy-
groscopic seeding might have in the early stages of con-
vective cloud development. Thus, to verify and gener-
alize these suggested impacts, modeling studies must be
extended to consider the 3D structure of the cloud, with
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horizontal shear, updrafts and downdrafts, and precip-
itation. Then, certainly the model output can be com-
pared with results of field campaigns to be able to finally
judge the performance of hygroscopic flares in the in-
crease of liquid precipitation or even for the reduction
of hail.
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