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Abstract. A new scheme of non-inductive thunderstorm eldcttifon is developed,
imbedded in the bulk microphysical scheme of RAM6.&..  The charge separation
mechanisms use the rime accretion rate (RAR) appr{Brooks et al., 1997) and are
based on the laboratory experiments of Takaha&fi§jland Saunders and colleagues
(Saunders et al., 1991). A new type of hybrid sahem tested, based on the
assumption that the laboratory experiments of Sawsndt al. (1991) (one-chamber)
represent the charging in regions with weak miximdhile the experiments of
Takahashi (1978) (two-chambers) represent the gigartp regions with strong
mixing. Numerical simulations of a typical thundere (CCOPE, 19 July 1981)
indicate that the proposed hybrid scheme is cap&bieproduce the basic charge
structure of the storm in general agreement witbeolations.
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Introduction

Modeling of cloud electricity is an extremely cleailbing scientific problem for at
least two reasons. First, thunderstorm models declorocesses of different scales — from
macrophysical (km) to microphysical (nm), so the cnophysical processes are
parameterized and this leads to inevitable modeterainty. Second, laboratory
experiments on charge separation show controveesalts for the sign and magnitude of
the transferred charge. On the other hand, in#asurements of cloud microphysics and
electricity, needed for proper verification of thedel results, are available only for a few
cases. Therefore, model simulations of thundersteleutricity are still to a great extent
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unreliable, but nevertheless they play a very irtgrdrrole in order to gain better insight
into the interaction of different processes invalvim the evolution of an electrified

thunderstorm (MacGorman and Rust 1998). Cloud nspdéicluding atmospheric

dynamics, misrophysics and electricity are the basis for testing the validity of various
electrification mechanisms.

In the scientific community it is accepted that then-inductive charging
mechanism plays the major role for thunderstornctefecation. Charge is generated
(independently of external electric fields) durielgstic collision between riming graupel
and ice crystals in the presence of supercooleadattoplets. The non-inductive charging
mechanism was investigated in a number of expetimhestudies (Takahashi 1978;
Jayaratne et al., 1983; Saunders et al., 1991;deasiet al., 2004; Takahashi, 1999). The
sign and the magnitude of the non-inductive chargesfer for a single collision depends
on cloud temperature and cloud effective water eminand is determined by the ability of
graupel to capture supercooled water droplets. Mewethe experiments show
contradictory results for the exact position ofttlise and the magnitude of the transferred
charge. One possible explanation for the majoetiffices between the experiments can be
seen in the conditions in which the ice crystalsengrown (Pereyra et al., 2000; Saunders
et al., 2004). In the experiment of Takahashi fr&8¥8 the crystals were grown in a
separate volume and introduced to the droplet ctouiis way to the riming target, while in
the Saunders and colleagues' experiment from 1881ctystals were grown inside the
droplet cloud, allowing them to achieve thermodyitaequilibrium with the water vapor.
The two approaches are known as mixed cloud meftveal chambers experiment) and
single cloud method (one chamber experiment) apdesent different thermodynamical
conditions, that can be observed in different ctood different parts of the same cloud
(Pereyra et al., 2000) The one-cloud method repteseonditions in which there is
thermodynamical equilibrium between the particlesl ghe environment, i.e. it is more
appropriate to be used for the parameterizatiochafge transfer between graupel and ice
crystals in the updraft while the second one isamepresentative for regions, where there
is mixing between volumes of air having differergtbry (Saunders et al., 2004; Mansell et
al., 2005).

Brooks et al. (1997) suggested that a ‘Rime AcoretRate’ (RAR) approach,
which includes the effect of the relative velociyof the interacting particles, is more
appropriate than simply using the effective waF\j to determine charge dependence on
cloud conditions. They proposed modifications af #guations in Saunders et al. (1991)
for the separated charge to be presented as aidunet cloud temperature and RAR.
Similar modifications can be easily performed oa #yguations proposed in Tsenova and
Mitzeva (2009) for the dataset obtained by Takah@d$v8).

Our study continues the efforts of previous authikes Barthe et al. (2005) and
Altaratz et al. (2005) to develop an electric scAgooupled to a 3D mesoscale model. The
new scheme is based on the same two sets of exgwdmdata like all previous
parameterizations, but includes some new physidaled features, namely: 1) replacing
EW with RAR for the calculation of separated chaagel 2) adding a new type of hybrid
scheme, based on the gradient of the vertical itgloc

The aim of the present study is to test the perfowe of the scheme by
simulating a well-documented thunderstorm case (BEEQ9 July 1981) and comparing
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the model results to measurements. This test cabealso help us choose the most
appropriate threshold for the gradient of vertigabcity in the hybrid parameterization.

CCOPE'81 Case Study

The CCOPE 19 July 1981 case study, a small isolaieidatitude thunderstorm
which developed in southeastern Montana, is oftsedufor validation of storm
electrification models, because it is among theé desumented ones. Instrumented aircraft
and radar data were used to investigate the migsiqdd, electrical, and dynamic evolution
of the cloud. The measurements are presented idirgaret al. (1985) and Dye et al.
(1986).

The measured cloud base height was 3.8 km abovessgASL), corresponding
to 3.0 km above ground level (AGL), maximum cloog + 10.5 ASL, maximum velocity
— 10-15 m.8, maximum LWC — 2.5 g.if The first graupel particles were formed at an
altitude between 6.6 7.5 km ASL.

Negative charge accumulation was observed at 14130 near the 7 km (-20°C)
level, associated with the high reflectivity regioBetween 16:32-16:36 MDT lots of
negatively charged graupel particles were obsebyethe Aerocommander aircraft at 4.5
km associated with precipitation falling towardse tiground (Dye et al., 1986). The
extremum values of particle charge, measured irbthekm ASL layer were +1.4 nC:in
and —0.5 nC.mM. According to Dye et al. (1986), the cloud chastreicture was a positive
dipole (positive charge over negative) and the npaisitive charge was carried by pristine
ice, snow and aggregates, while the main negatigege was carried by graupel. The peak
in the electrical development of the cloud was&B8T MDT when an intracloud discharge
was detected.

There are several previous modeling studies inyafstig the electrification of the
same storm, using a 1D and 2D models (Norville 11®¥ooks et al., 1997; Helsdon et al.,
2001), where general comparison with observatidrepace and time electrical properties
was made. Helsdon et al. (2001) concludes that bbthe non-inductive (NI) schemes,
based on Takahashi (1978) and Saunders et al. 1884 capable of producing
electrification that approaches thunderstorm levélie NI mechanism, based on
Takahashi's work, developed a positive dipole tp@stharge above negative) and realistic
electric fields, while the transferred charge basedhe work of Saunders and colleagues
had to be reduced in magnitude to produce elamtifin that is consistent with the
observations. They also noticed that the Saundsrsense produced an initially inverted
dipole (negative charge above positive) which nes®linto a positive dipole later in the
simulation.

The RAMS 6.0 electrical parametrization

The model used in the present study is RAMS (Redidwmospheric Modeling
System) v.6.0, which is developed by Colorado Stateversity and is widely used as a
research tool for numerical studies of thundersto(see Pielke et al., 1992; Cotton et al.,
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2003). RAMS is a 3-dimensional non-hydrostatic dlaesolving atmospheric model. It
includes equations and parameterizations for a vdadge of physical processes: advection,
diffusion, turbulence, radiation, large-scale ppéetion, microphysics. Spatial resolution
can vary from hundreds of meters to hundreds oftkd@ters and time step can be fixed or
varying.

The two-moment bulk microphysical scheme in RAM8dicts both mass mixing
ratio and number concentration of hydrometeor gsettius allowing the mean diameter to
evolve (Meyers et al., 1997). In the model, seyaecies of hydrometeors are categorized:
cloud droplets, rain, pristine ice, snow, aggregjageaupel and hail. The cloud droplet and
other types of hydrometeors spectra are approxinbtea gamma function with fixed
shape (Walko et al., 1995).

The version of RAMS v.4.4 with electricity, presedtin Altaratz et al. (2005),
was adapted for RAMS 6.0 and used as a refereaneeffor the transfer of charge between
microphysical categories in the new scheme. Howeber new electrification scheme is
completely rewritten and there are significanteti&nces in the way charge is calculated.

The electrification parameterization is imbeddedside the RAMS v.6.0
microphysical scheme. It calculates charge separaliie to elastic collisions between big
riming graupel particles and small ice crystaldstine ice). There is no charge separation
at temperatures above OC.

The present scheme includes the parameterizatiBnoaks et al. (1997) (denoted
with BR) and the parameterization based on the tansafor Takahashi (1978) presented
in Tsenova and Mitzeva (2009), with the charge wWated depending on RAR (denoted
with T78_eq_RAR). In the present paper a new tyideybrid scheme is included, based on
the concept that Saunders et al. (1991) laborag@periment should be used where the
particles have come to a steady growth state in ém¥ironment, and the Takahashi (1978)
laboratory experiment — for simulations of situaiowith slow-growing ice crystals in a
low-supersaturated environment entrained into #oregf high supersaturation. Thus, the
hybrid scheme uses one of the two parameterizatiomistioned above — Brooks et al.
(1997) and a new RAR based parameterization feafAashi (1978) (see the equations in
the Appendix). The choice of which parameterizatmnse depends on the relative vertical
velocity of air in adjacent grid cells (i.e. therlzontal gradient of the vertical velocity),
which is used as a measure for the intensity ofntheéng. If the gradient is grater than a
pre-defined threshold, we assume that the mixingtisng and the particles are not in
equilibrium with the environment, so the schemeeldasn Tsenova and Mitzeva (2009), is
used. If the gradient is smaller than the threshibld parameterization based on Brooks et
al. (1997), is used. In the present paper two diffe thresholds (2 and 5 nt.em™) are
examined and the respective parameterizationseareted with Hyb2 and Hybb.

The charge transferred per collision event depemdshe rime accretion rate -
RAR= EWF \ , whereV is the mean relative velocity between the interagti
categories and EW is the effective water contehtclvis calculated in the following way:

EW = (eff U¢ + eff Uy) @O00Lp, (1)
wherer, — cloud water mixing raticl, — rain water mixing ratic 0, — air density;,

eff9 — collection efficiency between graupel and clauwdplets, which increases when the
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mean mass of cloud droplets increas effl — collection efficiency between graupel and

rain drops.
The charge transferred for one collision is calmdain the following way
(Saunders et al., 1991):

B
3q=B0D,)" V(D) - V,(D,)| [, )
whered,,, — experimental value for the separated chz D, ;- mean diameter of pristine

ice; D, — mean diameter of graupeV,(D,)-V,(D,) -relative velocity of the

colliding particles; B andp — constants, the values of which are given in @dblThe
table is taken from Tsenova and Mitzeva (2009).

The charge per separation is limited between -108d 400 fC for the
parameterizations based on Takahashi (1978) amgebgnt -200 and 500 fC for the
parameterizations based on Saunders et al. (1991).

Table 1 Values of the constants B and B, depending on crystal siz DX) and the sign of the
charge. The values of B depend on the choice @peterization (based on Saunders or Takahashi -
Bskm Or Br7g). This table is taken from Tsenova and MitzevaD@0

Charge sign Crystal size [un] @ B Bskm Brs
+Q <155 3.76 2.5 4.9x1d 6.1x10°
+Q 155-452 1.9 2.5 4x%o 5x10°
+Q >452 0.44 2.5 52.8 6.5
-Q <253 2.54 2.8 5.24x10  4.3x10
Q >253 0.5 2.8 24 2

The rate of charge buildup due to collisions betweso categories of
hydrometeors (x for graupel and y for pristine ise)

dQ, __dQ _ 3
dt  dt 3

T
:Z[H(DX +D,)*V,(D,) ~V,(D,)|(x Y)IN( D)ON( D)3 ¢IdDIdD,

where D, and D, — diameters for categories x and y (for the retipedin); V,(D,) and

V,(D,) - fall speeds for categories x anc£(X, y) — separation efficiency (equal to 1.0

minus collection efficiency); N, and Ny — number of particles with diameters,

respectively D, and Dy ; 0Q — charge transferred for one collision

The integral for the rate of charge buildup is ollted numerically over all
particle diameters from 0 to D, ,, split into 50 bins of width 0.2D, , for both

categories. This is done in the most simple way:
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50 50
| => > F(D,.D,)dD, (@D, (4)
i=1 j=1
where dD, =0.2(D,, dD,=0.2[D,; D, =il0.2[D,+0.1D, and
D, = j0.2(D, + 0.1D are the diameters for bin (ijF (D

the sub-integral function, with the values of atiables, calculated for the respective bins.

In addition to calculating charge separation, ttieesne tracks the charge, carried
by each of the 7 classes of hydrometeors in theopiitysical scheme. The charge, created
due to separations, is added to the existing chigevery grid cell and every category.
There is a continuous transfer of mass betweengoaés in the course of the cloud
evolution, which is due to phase transitions, cazdace, shedding or other processes, and
along with the transfer of mass the same portioohafrige is also transferred. The transfer
of mass due to sedimentation is also applied togeha

For the calculation of the electric potential, a BDisson equation is solved. In
RAMS 4.4 this was done offline by using an extematbroutine developed by Numerical
Algorithms Group (NAG). In the present scheme we adifferent approach for solving
the Poisson equation, suitable for levels with iragythickness, but having lower
computational efficiency — Liebman's 7-point itémat method. The boundary conditions
are set to fair weather potential like in Altardzaé (2005). The critical electric field for
lightning initiation is calculated like in Mansedit al. (2005), following Marshall et al.
(1995):

D,;) is the value of

Xi?

E.. =201.7*exptz /8.4 (5)
where E is in kV/m and z is altitude AGL in km.
The calculations are carried out until the firghlining.

Model overview and set-up of the experiment

The model parameters used in the present studsharen in Table 2.

Table 2 Model parameters setup for the numerical simuuesti

Parameter Value

Horizontal resolution 64 km, 16 km, 4 km, 1 km
Vertical resolution at z=0m 30m

Vertical resolution above z=2000m 300m

Time step 90s, 30s, 15s, 5s

CCN number 0.7*10#.m°

Gamma shape parameter, all species 2.0

The model domain covers the area of Miles City, U%#th center point
latitude/longitude of 46.6/-105.6. There are 4 egsiomains with resolution 64, 16, 4, 1
km and size, respectively: 50x50, 50x50, 50x50,744roints. The vertical coordinate is
terrain-following sigma coordinate with level thisdssAZ increasing from 30 m at ground
level to 300 m in the free troposphere with a strefatio of 1.25. Initial and boundary
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conditions are taken from the NCEP (US National t€enfor Environmental Prediction)

FNL global dataset with 1°x1° resolution. The apprate physical options are selected,
according to the RAMS Technical Manual (2010). ®bectric charge, carried by the 7
types of hydrometeors, is calculated in the innestmdiomain and the electric field is

calculated every 3 min. The simulations are carfiedhe period 12:00 — 18:00 MDT with

an automatically calculated time-step.

Results and discussion

Non-electrical aspects

A detailed discussion on the thunderstorm microaysdevelopment can be
found in previous studies, like Gardiner et a@§3), Dye et al. (1986), Helsdon and Farley
(1987). In the present paper we do not aim to @yre exactly the same storm. For our
purpose it is sufficient to reproduce the basicrapbysical and electrical processes, that
occurred in the cloud, so that the evolution of shulated liquid water and ice species is
similar to the observed ones from a qualitativenpaf view and their values are
reasonable.

Convection in the innermost domain starts to dgveliter 16:00MDT, with cloud
base of 2.3-2.6 km ASL. A total of 4 clouds developich are shown on Fig. 1 and
denoted with numbers 0, 1, 2 and 3 in the ord¢haif appearance.

46.9N 1

46 85N W

46.8N 1 /JS\FZQQ /J
/\700 /\

46.75N N 7

48.7N 1 CIOUFI 2 // a

16.65N ] 6@9 loud:3

46.6N 1 3 \(fj'fﬁg Ly

46.55N | 3 - =00 \S v
46.5N

800 -
| 750/ 1
46.45N Cloud 03 @?/

1
46.4N 1
——588 ? Cloud 1 750
46.35N —750

46.3N | (w2 fi{%

106W 105.9W 1058W 105.YW 105.8W 105.5W 105.4W 105.3% 105.2W

£

Fig. 1. Topography of the innermost domain (gray) an@tion of the three clouds (maximum
liquid+ice content [g.i] for 17:00MDT; black)
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In this study we will not examine Cloud 0O, becaiisis substantially larger and
more intensive than the real storm (the cloud igemihan 15km in diameter and the
maximum value of the vertical velocity is W= 48 m.§").

The first graupel particles in the real cloud averfed at an altitude between 6.5
7.5 km ASL, which corresponds to 5.8-6.8 km AGL.the model simulations the first
graupel particles form, respectively, at: 16:48 kbn AGL for Cloud 1; at 16:45, 5.5 km
AGL for Cloud 2; at 16:54, 6.1 km AGL for Cloud &fterwards, there is a rapid growth
phase in both the observations (Dye et al., 198@l) the simulations (not shown here),
during which the liquid and ice particles grow gordcipitation starts to form.

The results for the maximum values of the microfdaischaracteristics in the
clouds are shown in Table 3.

Table 3 Maximum values of: vertical velocity W (s the content (in g.i¥) of cloud water
(cloud), total water (cloud+rain), total ice crysta(pristine+snow+aggregates), dense ice
(graupel+hail) and total condensate (water+icegcipitation intensity (mm/h) and accumulated
precipitation (mm)

W | Cloud Total Totalice |[Dense Total Precipitation Accumulated

water | water| crystals | ice condensateintensity precipitation
Cloud1/30 2.7 65 0.9 5.0 7.0 65 13
Cloud2/35 3.0 9.0 0.9 7.0 10.0 920 20
Cloud3/27 3.0 65 1.0 4.5 8.0 70 14

The radar measurements show that the storm produceadderate shower, which
probably contained some hail (Dye et al., 1986)them model simulations there is also a
shower and in Cloud 1 the precipitation contaissnall amount of hail, which is in general
agreement with observations.

Considering the maximum vertical velocity (measuf&dm.s', but outside the
main core; simulated — 27-35 nl)s the cloud top height (measured — 9.7 km AGL,
simulated — 12 km AGL) and the maximum liquid watentent (LWC) (measured — 2.5
g.m?, which is also outside the main core; simulated-5-9 g.n¥), we can conclude that
all 3 clouds are more intensive than the real storm

However, despite the qualitative differences betweke simulated and the
observed clouds, the simulation is quantitativalyssying.

Electrical aspects

All 3 simulated clouds are more intensive thanréed storm, but the evolution of
the water and ice is similar, so we can expectttigit electric structure would be similar to
the structure of the real storm.

The temporal evolution of the charge density irud® 1, 2 and 3 can be seen on
Fig. 2, 3 and 4. Between 16:51 and 17:09 MDT alfilesees produce charge density of
reasonable magnitudes (the minimum values of tdtafge density are between -0.5 and -
1.1 nC.n and the maximum — between +0.6 and +1.6 Ag.m
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Fig. 2. Time evolution of the minimum (dotted) and maximgsolid) charge density (nC:f
seen in NW direction for schemes T78_eq_RAR, Hybh5 and BR, Cloud 1
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Fig. 3. Time evolution of the minimum (dotted) and maximgsolid) charge density (nC:f
seen in NW direction for schemes T78_eq_RAR, Hybh5 and BR, Cloud 2
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30 Bulgarian Geophysical Journal, 2011, Vol. 37



A. Brandiyska, R. Mitzeva, B. Tsenova : A new ndudtive thunderstorm electrification...

From the figures it can be seen, that the scheri@s élg_RAR, Hyb2 and Hyb5
produce a positive dipole or tripole, as seen @ttho right panels, while the BR scheme
produces a monopole or a negative dipole. The ipesitipole structure is more common
(MacGorman and Rust, 1998) than the negative dipmié is in agreement with the
observations (Dye et al., 1986). The lower podiivdnarged region, which can be seen on
the figures, is also common in thunderstorms (Maom and Rust, 1998) and there is
evidence for the presence of such a positive chamgthe CCOPE'81 cloud — the
maximum values of the measured positive chargeityenghe 5-6 km ASL (4-5 km AGL)
layer (just below the main negative charge) ard AC.m* (Dye et al., 1986).

According to Dye et al. (1986), the main positivearge was carried by pristine
ice, snow and aggregates, while the main negatiaege was carried by graupel and hail.
The simulated maximum and minimum (in space ance)tinalues of the total charge
density and the charge density carried by diffetgpes of hydrometeors are shown in
Tables 4 and 5. Table 4 shows both clouds 1 abecuse their values are identical. From
the tables it can be seen, that BR and Hyb5 schemexhuce large positive charge of
graupel and hail and large negative charge ofipeissnowu aggregates. These results are
not in agreement with the measurements. On the btred, the schemes T78_eq_RAR and
Hyb2 produce reasonable values that agree witblikervations.

Table 4 Maximum in space and time simulated charge dessi(nC.nt) for the schemes
T78_eq_RAR, BR and the hybrid schemes with diffexaues of the threshold (2 and 5 thisn™ -
Hyb2 and Hyb5). Cloud 1 and Cloud 2

Max total | Max Max Max total | Max Max
negative |negative negative | positive positive positive
(ptst+a)  (g+h) (pts+a)  (g+h)
T78_eq_RAR-0.5 -0.6 -1.0 0.6 1.2 0.7
Hyb2 -0.5 -0.7 -1.0 0.7 14 0.7
Hyb5 -0.4 -1.2 -0.9 0.6 1.3 15
BR -1.1 -2.5 -0.4 0.9 0.4 3.0

Table 5 Maximum in space and time simulated charge dessi(nC.nt) for the schemes

T78_eq_RAR, BR and the hybrid schemes with differeues of the threshold (2 and 5 thien™-
Hyb2 and Hyb5). Cloud 3

Max total | Max Max Max total | Max Max
negative |negative negative | positive positive positive
(p+s+a)  (g+h) (p+s+a)  (g+h)
T78_eq_RAR-0.5 -0.5 -0.9 0.8 1.2 0.7
Hyb2 -0.5 -0.7 -0.9 0.8 1.3 0.8
Hyb5 -0.3 -0.7 -0.8 0.6 1.2 0.7
BR -0.3 -1.5 -0.4 0.5 0.4 2.0
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The calculation of the Poisson equation is compriatly expensive, so the
electric potential and the field intensity are cédted only for Cloud 3. The temporal
evolution of the maximum electric field in Cloudi8 shown on Fig. 5. The simulations
employing the schemes T78_eq_RAR, Hyb2 and BR m®aulightning between 17:36
and 17:42 MDT at an altitude of 10.6 km AGL, whilee field in the Hyb5 simulation
reaches only 50 kV.fh which is 20% less than the others.

70
60
50

40 ==T78 eq

= = Hyh2

= = Hyb5
BR

30

E [KV/m]

20

10

04:45:00 PM 05:00:00 PM 05:15:00 PM 05:30:00 PM 05:45:00 PM 06:00:00 PM
time, MDT

Fig. 5. Temporal evolution of the maximum electric fightensity in Cloud 3

Conclusions

The electric schemes produce both positively arghtieely charged graupel and
ice crystals and the order of magnitude is realiftut none of them succeeds to reproduce
the observed values.

The comparison between model results and obsengtian be summarized in the
following way:

1. The real storm had a positive dipole structiitas is successfully reproduced
by the schemes T78_eq_RAR and Hyb2, but not by BRHyb5.

2. Data indicates that negative charge was maiafsiedd by graupel and positive
charge — by pristine ice. The simulations employihg schemes of T78 eq_RAR and
Hyb2 are in agreement with these measurementse Biftland Hyb5 are not.

3. All simulations produce electric field of rediis magnitudes and all, except
Hyb5, produce a lightning.

The results, presented here, are only the firstfideghe ability of the new scheme
to reproduce the charge structure of the real doiithese results indicate that the main
assumption, on which the new hybrid scheme is haseadequate. Based on the results
presented here, we would recommend a value of 2'[km'] as an appropriate threshold.

Nevertheless, if we want to come to firm conclusicthunderstorms with various
dynamical and microphysical characteristics havéedcsimulated. An inductive charging
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and lightning discharge parameterizations haveetaléveloped in order to complete the
scheme.
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Appendix

Equations from Brooks et al. (1997), used for thegrameterization BR:

Critical RAR:
T=-10.7: CRAR=0.66
-10.7>T=2-23.8: CRAR=- 1.4% 0.£-7)
T <-23.8: CRAR=3.3

Charge:

T>-16:
0.078<RAR< 0.42:
0.42<RAR< 0.66:
0.66< RAR< CRAR
0.66<RAR and RAR CRAR
-16=>T >-20.
RAR< CRAR
RAR> CRAR
-20=T
0.18< RAR< 0.36:
0.36< RAR< 0.48:
0.48< RAR:
-20=>T =-23.8:
RAR> CRAR
RAR< CRAR

o=- 104.8BRAR 7.9

0= - 139.8RAR 92.6

& 3.02- 10.59 RAR 2.95 RAR
46.74] RARL364{ ¥ 10.

& 3.02- 10.59] RAR 2.95 RA
& 6.740 RAR1.361¢ T+ 105

0= 680.6RAR 128.7
0= - 966.7IRAR 462.9

& 6.740 RAR1.361¢ J 10.
&3.02- 10.59] RAR 2.95 RAR
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-23.8>T :
0.48< RAR< CRAR & 3.02 10.58 RAR 2.95 RA
RAR> CRAR & 6.740 RAR1.361¢ J 10.!

Equations from Tsenova and Mitzeva (2009) basetherexperimental dataset of
Takahashi (1978) and presented as a function of RARed for the parameterization
T78_eq_RAR:

T>-10:
RAR<12.8:
q=18.37TRAR- 1.8ZJRAR+ 0.061 RAR- 0.002 0 RAR 2.581-T 0.00040 RAR
+0.006T°[RAR + 0.15]T°+ 0.00BTJRAR- 0.33T RAR 8.5059
RAR>12.8:
q=4.17952T - 0.00007T?[RAR+ O0.01RAR- 0.IYT RAR 083RAR 0.00ZT R

+0.000001IT* [RAR - 0.00007RAR+ 50.84454

T<-10:
RAR< 3.2:
g=-3.3515T7 + 1.5T(RAR + 63.98RAR 0.03%0 RAR 0.0007°%F 2B7T RAR
+0.02T?[RAR+ 0.0000°PORAR- 0.0020 10 RAR 0.1I3 T RAR 0.1066°T
-24.5715
3.2<RARs< 25.6
g=-0.2[T[RAR+ 0.0005]TORAR+ 0.0112 T+ 19.199BF 0.805f+ CDORAR
-10.42RAR+ 0.241RAR+ 167.9278
RAR> 25.6:
q=4.212661T - 0.ITCRAR+ 0.001TJRAR+ 0.000570 RAR 40.96417

HoBa cxema 3a HeMHAYKTHBHO HaeJIeKpH3MpPaHe HA TPbMOTEBHYHHTE 00Janu B
aTrmocpepuus mogea RAMS

A. bpannwuiicka, P. Munesa, b. llenosa

Pesiome:  PaszpaboreHa e HOBa cXeMa 3a HCHHAYKTHBHO HACJCKTPU3HpaHE Ha
rpbMOTeBUYHM oOsany. CxemaTa € BKIIIoUYeHa B MUKpo(HU3MYHaTa cxeMa Ha Mojena RAMS
v.6.0. MexaHu3MBT 3a TeHEpUpaHe Ha 3apsj u3mon3Ba moaxoxa Ha Brooks et al., (1997)
U3MO3BalKM CKOPOCTTAa HAa HaTpymBaHe Ha ciaHa (rime accretion rate - RARxemarta
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ChABPKA ABE PA3IMYHH apaMeTpU3aLiy, Oa3UpaHu Ha J1abOpaTOPHUTE EKCIICPUMEHTH Ha
Takahashi (1978) and Saunders et al. (19Blyonena ¢ BKIrOYEHa HOB THIT XHOpUIHA
napaMeTpu3aLs, KosTo ce 6a3upa Ha MPEANoNIOKEHHETO, Ye eKCIIEPUMEHTUTE Ha Saunders
et al. (1991)3a Banuanu 3a paiioHu cbe c1abo cMecBaHe, a ekcriepuMenture Ha Takahashi
(1978) —3a paiioHu c¢bc CHIHO cMecBaHe. [IpoBeeHH ca MOJCTHI CUMYJIALMN Ha THITHYCH
ageteH rpemoreBudeH ob6mak (CCOPE, 19 July 1981y pesyaratuTe mHOKasBat, due
npeUioKeHaTa XHOPHUIHA CXeMa € CIIOCOOHA 1a BB3MPOU3BEIc OCHOBHHUTE XapaKTEPUCTUKH
Ha M3MEPEHOTO pasNpeeicHue Ha 3apsia B 00Jaka.
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