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Abstract. Numerical simulations are carried out to investiigthe effect of ice
crystals formation mechanism on the dynamics andraphysics of mixed-phase
convective clouds. Three different in power coniectlouds are simulated by 1-D
numerical model with bulk-water microphysical paederization Two types of
parameterizations of ice crystals formation areduggimary nucleation given by
Fletcher approximation and Hallet-Mossop mechanigecondary nucleation)
parameterized by constant enhancement factor icifspéemperature band. The
results reveal that precipitation starts earlied anlower levels in the three simulated
clouds when secondary nucleation is taken into wticim comparison with the case
when only primary (Fletcher) nucleation is usedwsdwer, the simulations indicate
that the impact of ice nucleation (primary and selzoy) depends on the power of the
simulated cloud: there is an increase in the pitatipn of most powerful cloud and
decrease in the other two clouds when the secomiatgation is included.

Key words: ice crystals formation mechanism, numerical clmatlels

1. Introducrion

It is known that ice crystals usually form as aute®f activation of ice nuclei
(Prupacher and Klett, 1997, Rogers and Yau, 1989. number of activated ice nuclei is
usually described as a function of supercoolingegiby Fletcher,1962. This process is
known as primary ice nucleation. However the figldasurements show that the ice crystal
concentration varies from cloud to cloud and ttied concentrations of ice particles in
natural clouds are sometimes much greater thanaheentrations of ice nuclei; often“10
times more numerous (Hobbs, 1969). Hence, primamsteation of ice, as described in
Fletcher (1962) cannot be the only ice productimtess in operation in clouds to account
for the large number of ice particles present Htirely high temperatures. A powerful
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mechanism or perhaps mechanisms mist responsible for such large and rapid
multiplication of ice crystals, observed in cloyéobs, 1969)

The Hallet-Mossop process is generally accepted asntribution factor to ice
multiplication (Prupacher and Klett, 1997). In #isnplest form, Hallet-Mossop process is
an ice-particle production process which occurglouds under very specific conditions
when graupel pellets are growing by accretion gfescooled water droplets which freeze
onto their surface by impact. This process cantidadly change the mass of ice crystals,
because the ice particles created by Hallet-Mossmzhanism can be produced in
significant quantities at temperatures where prinmarcleation is inefficient. It is expected
that the change of ice crystal concentration caectafthe cloud microphysics and
dynamics, which in turns may affect precipitationtbe ground.

The aim of the present study is to evaluate theashpf ice crystals nucleation
mechanisms on microphysical and dynamical properté convective clouds. One-
dimensional cloud model with parameterization o€nmphysical processes is used for the
study.

Similar studies have been carried out in the pdst €example Katherine et al.,
(2001), Baker et al.,(1995), Blyth and Lathanm @PHowever, in Katherine et al.,
(2001), the formation of graupel is parameterizedywoughly by artificial injection at
particular temperature and the calculations in Bakeal, (1994) are with constant updraft
velocity. That is why the above mentioned studiesret appropriate for the investigation
of the impact of ice crystals concentration on diclynamics and they were directed to the
investigation of the impact of ice crystal formation the electrification of the cloud.

Brief description of the model (Mitzeva et al., 3)Oused for numerical
simulations of clouds is given in section 2. Thedigparameterizations of ice crystals
formation are presented in section 3. Numericalutations and results are discussed in
section 4.

2. Model description

Convective clouds are assumed to be composed eaahd non-active cloud
masses (Andreev et al, 1979). The active mass idel@d by successive ascending
spherical thermals, while the non-active cloud aagis formed by thermals that have
previously risen and stopped at the level of zestoaity.. This multi-thermal concept
simulates the time dependence of the microphysindlthermodynamic characteristics of
cumulus development and has been used in modekstbg Mason and Jonas, (1974),
Blyth and Latham, (1997) and others. One can spezuhat the ascending thermals
represent the updraft region of convective clowdsile non-active masses represent the
environment surrounding the updrafts.

The thermals are driven by the buoyancy force redusy entrainment and the
weight of the hydrometeors present. They entrainfraim a cloud-free environment or
from a non-active cloud region depending on thesifion ata particular moment. The
entrainment is parameterized as in Mason and Jdi@ast), with the entrainment rat@

inversely proportional to the radius of the ascegdithermals: a = 0.6/ R(2),
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whereR(Z) = R, + 0.2zis the thermal radius at heiglat above cloud base anlg, is the

thermal radius at cloud base.

Parameterization of the merging of thermals duth@gr ascent is included in the
model. As the thermals ascend, their temperatuaagds due to cooling by expansion of
the air, entrainment of environmental air and #dease of latent heat. The model uses bulk
microphysical parameterizations with five classésvater substance - water vapor, cloud
water §, rain S, cloud ice &, and precipitating ice (graupel}:SThe cloud droplets and
ice crystals are assumed to be monodisperse ahdvi® negligible fall velocities and so
move upward with the air in the ascending thermalddarshall-Palmer (1949) type size
distribution is assumed for raindrops and graupel.

In the model cloud droplets are formed by condémsatRain drops form by
autoconversion of the cloud droplets (Kessler, }@6@l grow by collision and coalescence
with cloud drops. At temperatures beloWCQ ice crystals originate by heterogeneous
freezing at the expense of cloud droplets and gtoywdeposition of water vapor.
Homogeneous freezing occurs below %@0Precipitating ice (graupel) forms by freezing
of rain drops (Bigg, 1953), contact nucleationa® trystals and rain drops (Cotton, 1972)
and conversion of ice crystals (Hsie et al., 1988).crystals grow by deposition of water
vapor; graupel grows by coalescence with cloud @id drops. Precipitation fallout is
calculated in the same manner as in Cotton, (19%8),comprises the portion of the rain
drops and graupel having terminal velocities gretiten the updraft speed. Evaporation of
rain drops and melting of graupel during their @e¢c¢Farley and Orville, 1986) as well as
recycling of precipitating particles are includedtihe model. The model takes into account
the changes of the mass of drops and crystalsatletentrainment of environmental air
and by the incorporation of the mass of rain drapg graupel falling out from the upper
ascending successive thermals.

The differential equations, describing the dynain&al microphysical processes
in the ascending thermals are integrated numeyidafl the Runge-Kutta method. The
calculations are carried out for thermals ascendliagn cloud base to the height of zero
velocity. The numerical integration of the equasiodescribing the changes with time of
the characteristics of the non-active cloud regibagins after one of the ascending
thermals stops. The calculated temperature, vapangnratio, cloud liquid and ice mixing
ratio of the diffusing thermals, are used in thiéneetion of the environmental conditions of
the successive ascending thermals. The mass afropis and graupel falling out from
ascending thermals are calculated at each integratep. The terminal fall speed depends
on the mass-median diameter, which changes beochuselting and evaporation.

3. Parameterizations of ice crystal formation

3.1 Primary nucleation

The most popular and simplest parameterization rohgry nucleation of ice
crystals used in several numerical models (seesfample Rogers and Yau, 1989 and
Young, 1993) is based on the assumption that theertration of ice crystals is equal to
the number of activated ice nuclei Bs a function of supercooling given by Fletcher
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(1962). It is assumed that ice crystals are forateithe expense of cloud droplets and their
concentration Nincrease exponentially as the temperature falls:

N,(T)= AexdAaT] (1)

whereN; is the number of ice crystals pefrand AT = T-273.15 is the suppercooling, T
is temperature in K, ané and [ are parameters, with vales 0.0irand 0.6(K)'

respectively. In our study we assume as in Katkednal., (2001) that at temperatures
lower than -25°C the number of ice crystals is tammsbased on some field measurements
(e.g., Hobbs, 1969 )

3.2. Secondary nucleation - Hallet-Mossop process

The parameterization is based on the laboratoryeraxents of Hallett and
Mossop (1974), in which it was discovered that imith restricted temperature band (-3 °C
to -8 °C) the freezing of supercooled water drapbetcreted onto the surfaces of growing
graupel or hail particles may be accompanied by djeetion of splinters. Hallet and
Mossop (1974) and Mossop (1976) demonstrate tegbithcess depends on several factors,
such as the drop size distribution, the liquid watentent, the velocity of the drops
impacting on a riming ice particle, the air tempere, and the surface temperature of ice
particles. Later, study by Heymsfield and Mosso@8d) established that the temperature
of riming ice particle surface, rather than the teimperature is more important for the
splinter formation mechanism. Some other experimesieal that the multiplication of ice
crystals is observed at colder temperatures whenetatively large drops freeze on graupel
surface.

This mechanism of secondary particle productionmetomes called rime-
splintering, may account for high concentrationgcefcrystals that are sometimes observed
in maritime cumulus clouds with temperatures nadeplthan -10°C (Rogers and Yau,
1989).

Based on the above observations, the Hallet-Mogsogess in our study is
presented in a way similar to Katherine (1997)diyoducing multiplication factor j, >1
in the eqg.1 within the temperature band (-3°C tt°€l). In contrast to Baker at el (1995),
who assumed that when the ice crystals are forraedrasult of Hallet-Mossop mechanism
the values of N are constant at lower temperature , we assuméths calculated by eq.1
at T<-1P C. Thus, when Hallet-Mossop type nucleation ogsrdbgether with primary
nucleationthe values of ice crystals concentratiorifNour model is parameterized by

N, (T) = Aexd TN, @

whereNyy is a fixed multiplication factor. In our calculatis we used\yy = 100 and\yy
=1000 in temperature band (-3°C to -11°C), afg, = 1 at temperature outside this
temperature interval.

The temperature dependence of ice crystals nuctpats a result of both ice
formation mechanisms is presented on Fig.1.
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Fig. 1. The number of ice crystals Ni as a function e€lioud temperatures using only primary (bold
line) and primary together with Hallet-Mossop (dedgline) nucleation mechanism

Numerical simulation and results

Three cloud cases observed at Gelemenovo, Bul{@riauly 1975, 8 June 1976
and 7 May 1979) are simulated using sounding optrature and humidity observed on
these days. Liquid precipitation from these clouds detected on the ground. These cloud
cases are chosen to be simulated because the emasiis showed that they differ in radar
cloud top height or by the rainfall on the groufdhus, it is expected that the impact of
crystal formation mechanism will be different fafferent clouds.

The values of the parameters necessary for the meahsimulations by the model
(Table 1) are taken in the range of real valuesuith a way that the cloud top height of the
model cloud to be close to the observed cloud tight.

Table 1. The values of the parameters used in the nunesioaulations. Thermal radius and
updraught velocity at cloud base ; &d W, time interval between the ascending thermalg
number of ascending thermal - N, turbulent diffastwefficient in the non-active cloud mass — K.
Cloud base above the ground — Ho.

5 July 1975 8 June 1976 7 May 1979
H, (km) 1.2 2 2
R, (km) 1 2 1
W (m/s) 2 1 1
dt (min) 5 3 3
N 4 5 5
K (m°/s) 30 200 30
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The simulations are carried out using two typescef crystal formations: only
primary nucleation (Fletcher parameterization) ardondary nucleation (Hallet-Mossop
parameterization) together with the primary.

Figures 2,3 and 4 show the mass of ice crystalsrfass of precipitating drops,S
mass of graupel s, updraft velocity W, mass of falling out of theetimal precipitating
drops $and graupel g respectively for 5 July 1975, 7 May 1979cloud @&dune 1976
cloud. The impact of the secondary nucleation idl yweonounced in the all threee
simulated cases. Taking into account the secondacieation (Hallet- Mossop) we find
that the mass of ice crystalg; $1creases and the ice crystal formation beginkaer
levels in the early stage of cloud development. Thelescence of more numerous ice
crystals (at secondary nucleation) with rain drSpteads to a decrease of the mass of rain
drops and an increase of the mass of graupelAS a results of the release of additional
latent heat of freezing in the process of formatibmore solid particles (Sand $; ) due
to Hallet-Mossop mechanizm there is a change afctldynamics. Fig.6 and Fig.7 show
that when the secondary nucleation is includechanrhodel there is a positive dynamical
effect for the simulated 8 June 1976 cloud case inerease of the cloud top heightq(Y
and of the maximum updraft velocity (4. For the other two simulated cloud cases (5
July 1975 and 7 May 1979) the maximum updraughdaigt and the cloud top height do
not differ significantly for the two parameterizats. One can explain this result by the
smaller quantity of latent heat of freezing releasethese clouds due to the smaller mass
of ice crystals and graupel.

Considering the impact of ice nucleation processhenprecipitation, one should
take into account that the model simulations areiexh out from the cloud base height to
the height of zero updraft velocity, i.e. the modkdes not give information about
precipitation at the ground. That is why, in ouudst the impact of ice crystals
concentration on the precipitation is evaluatedraadly and is based on the analyses of the
amounts of liquid and solid fallout from the asdagdthermals. We assume that there will
be a positive correlation between these amountgtaost reaching the ground. Of course,
part (probably all) of the solid fallout may melirthg descent to the ground.

In Fig.5 one can see that when the secondary atimteis taken into account
there is a decrease in the total precipitatiorofalin two of the simulated cloud cases (5
July 1975 and 7 May1979), while there is an inaeaasthe total fallout in the simulated 8
June 1976 cloud case This can be explained bfatliehat in the 8 June 1976 cloud the
solid fallout & due to Hallet-Mossop mechanism increases (Fijpdcpuse graupel,S
stays longer and falls out from higher levels (#ig.due to the significant increase of
updraft velocity W in the 3-th thermal (Fig.4)

Another effect of the secondary nucleation is 8wid fallout starts earlier and at
lower levels in all simulated clouds, because fdromaof ice crystals  and graupel $
begins at lower levels in the early stage of cldadelopment (Fig.2, Fig.3, Fig.4).

Bulgarian Geophysical Journal, 2006, Vol. 32 99



S.Petrova, R.. Mitzeva:Tthe impact of ice crystalleation mechanism...

Conclution

The main results from our study are:

1. The impact of ice nucleation (primary and seewppdepends on the power of
the simulated cloud: when the secondary nucleasioncluded there is an increase of the
precipitation in the most powerful cloud (8 June/8Pand a decrease in the other two
cloud cases (5 July 1975 and 7 May1979).

2. In the three simulated cloud cases the pretipitestarts earlier and at lower
levels when secondary nucleation is included,amgarison with the precipitation when
only the primary (Fletcher) nucleation is takemiatcount.

3. In all simulated cloud cases the maximum updnauglocity and the cloud top
height do not differ significantly at the two difemt parameterizations. Only for the
simulated 8 June 1976 cloud case there is a signifincrease of the updraft velocity and
of the cloud top height in the early stage of claelelopment when Hallet-Mossop
parametrisation is included.
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Fig. 2. Ice crystals content.S(g/nT) precipitating drops content, Sg/nT), graupel content P
(g/n), updraft velocity W (m/s), rain fallout, 8g/n¥) and graupel fallout,§(g/nt) during the ascent
of 3th thermal as a function of height Z (km) i timulated 5 July 1975 cloud at primary nucleation
(bold line) and at secondary (Hallet-Mossop paranzdtion — dash line)
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Fig. 3. Ice crystals content S(g/nT), precipitating drops content, $g/n?), graupel content 5
(g/n?), updraft velocity W (m/s), rain fallout, $g/nt) and graupel fallout,S(g/nt) during the ascent
of 5th thermal as a function of height Z (km) i $imulated 5 May 1979 cloud at primary nucleation
(bold line) and secondary (Hallet-Mossop parameagion - dash line)
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Fig. 4. Ice crystals content,Sg/nT) precipitating drops content, &y/nt), graupel contentpﬂg/m3),
updraft velocity W (m/s), rain fallout, $g/nT) and, graupel fallout,S(g/nt) during the ascent of 3th
thermal as a function of height Z (km) in the siatatl 8 June 1976 cloud at primary nucleation (bold
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Fig. 5. Total fallout (sumSsum$) (g/nT), at primary (Fletcher) nucleation and at secopdar
(Hallet-Mossop) nucleation in the three simulatkalids
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Fig. 6. Cloud top height g, (m) at primary (Fletcher) nucleation and at seeopdHallet -Mossop)
nucleation in the three simulated clouds
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Fig. 7. Maximum updraft velocity Wax (m/s) at primary (Fletcher) nucleation and at seeoy
(Hallet -Mossop) nucleation in the three simulatkxids
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Biausinne Ha MexaHH3Ma Ha oﬁpasyBaﬂe Ha JIeICHUTE KpucTraadyera BbpXy
MHKpO(l)l/BHKaTa M IMHAMHKATA Ha 00JIaKa — YUCJIEHO U3CJIeiBaHe

C. IletpoBa u P. Murnea

Pe3tome. l3cnenBaHo € BIMSHMETO Ha MeXaHHW3Ma Ha oOpa3yBaHe Ha JIEJCHUTE
KpHUCTaJueTa BbPXY AWHAMUKATa U MHUKpO(M3NKAaTa HA CMECEHH KOHBEKTUBHM OOJaIlH.
Bb3nponsBeneHy ca TpU pa3iiMuHU 110 MOIIHOCT OOJIaKa KaTo € H3IOJI3BaH €IHOMEpEH
MOJIe] ¢ MapaMeTpu3upana MUKpodusrka. B Mojena ca BKIIIOUEHH JBE apaMeTpH3aLnuy 3a
oOpazyBaHe Ha JIGJCHUTE KPHUCTAJIuYeTa. ITbPBUYHO JeooOpa3yBaHe M Ipolec Ha
pa3MHOXKaBaHEe Ha JICJCHHTE KpPHCTaTdeTa B pe3yirar Ha MexaHu3Ma Ha Hallet-Mossop
(BTopuuHO Jem000pa3yBaHe). PesynaTraTuTe MOKa3BaT, Ye¢ W B TPHUTE BB3MPOU3BEICHU
o0JlauHM ciydas BaJeKbT 3alo4Ba MO-paHO M OT IO-HUCKM HMBA, KOraTo y4acTBa H
MexaHm3MbT Ha Hallet-Mossop. Cnopen 4mcleHHTE €KCIEPUMEHTH BIMSHHUETO Ha
MeXaHn3Ma Ha oOpa3yBaHe Ha JIeICHUTEe KpUCTAIYeTa 3aBUCH OT MOLIHOCTTa Ha o0JanuTe:
Ha0Jl01aBa ce yBeJIMYaBaHE Ha Baje)ka B Hali-MOIHHMS CIy4ail, U HaMaJlsiBaHE B JIPyrUTe
JIBa, B pe3yJITaT Ha BTOPUYHOTO JIeZ000pa3yBaHe.
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