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Abstract

A combined analysis of microphysical thunderstorm properties derived by C-—
band polarimetric Doppler radar measurements and lightning observations from two
ground-based systems are presented. Three types of storms, a multicell, a super-
cell, and a squall line, that were observed during the European Lightning Nitrogen
Oxides project (EULINOX) are investigated. Correlations are sought between the
mass of rain, graupel, hail, and snow derived form radar observations at different
height levels and the electrical activity, represented either by cloud—-to—ground or in-
tracloud flashes. These relationships are explained by connecting the radar—derived
properties with the non-inductive charging process. For the multicell and the super-
cell storm, the lightning activity can be linearly correlated to both, the hydrometeor
total and class specific mass in the upper part of the storm. It is shown that the frac-
tions of graupel and hail above the —20°C-level in these storms positively correlate
with the intracloud flash activity in the supercell, and negatively for the cloud—to—
ground lightning frequency in the multicell. No such relation can be established for

the squall line, indicating that the convective organization plays a crucial role in the
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lightning development. The analysis of the masses in the different storms show that
lightning activity cannot be parameterized by total mass alone, other parameters
have to be identified. The results provide important information for all lightning
studies that rely on bulk properties of thunderstorms, e.g., the parameterization of

lightning in mesoscale models or the nowcasting of lightning by radar.
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1 Introduction

The study of lightning-related phenomena with mesoscale model simulations
requires a computationally efficient and yet realistic representation of the elec-
trical activity in thunderstorms. In general, there are two approaches: (1) Sim-
ulation of the charge development by collision processes and transport of the
hydrometeors, followed by the initiation of lightning according to the electrical
field (e.g., MacGorman et al., 2001; Molinié et al., 2002; Mansell et al., 2002)
and (2) the parameterization of the electrical activity using bulk microphys-
ical and dynamical model variables alone (e.g., Price and Rind, 1992, 1993;
Allen and Pickering, 2002; Kurz and Grewe, 2002). For storm— and mesoscale
problems focusing on the effects of total lightning activity, e.g., in the study
of lightning—induced nitrogen oxides (Pickering et al., 1998; Fehr et al., 2004),
the explicit simulation of charge is very expensive numerically or not feasible
due to the limited degree of microphysics in the models. Therefore efficient

and realistic bulk parameterizations have to be developed.
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In a dimensional analysis, Baker et al. (1995) conclude that the lightning
frequency f in a storm is proportional to the sixth power of the updraft velocity
w. Based on observations, Price and Rind (1992, 1993) find the lightning

% as well as a function relating the ratio

frequency to be proportional to w*
of intracloud (IC) to cloud-to-ground (CG) flashes to the cloud depth above
the freezing level. Their results were applied and adapted in various model
studies on different scales (e.g., Pickering et al., 1998; Stockwell et al., 1999;
DeCaria et al., 2000). On the cloud scale, however, this parameterization can

lead to an unrealistic threefold overestimation of the lightning activity (Fehr,

2000; Fehr et al., 2004).

According to the non-inductive charging mechanism, charge separation in
storms depends on the collision and growth properties of ice particles (Taka-
hashi, 1978; Saunders, 1993). Thus, a possible extension to the parameteri-
zation of lightning by the updraft velocity alone is the additional use of the
hydrometeor distribution. Polarimetric radar measurements can be exploited
for the identification and quantification of different hydrometeor classes (e.g.,
Holler et al., 1994; Holler, 1995; Straka et al., 2000). If combined with light-
ning observations, this data can be used to correlate the bulk microphysical
development with the electrical evolution of the storm (Dotzek et al., 2001).
The main target of this study is to test whether bulk microphysics can be used
for the parameterization of lightning and to identify significant correlations to
be used for new parameterizations that hold for the lightning evolution in the

early, mature, and decaying stages of the storm.

During the field campaign of the European Lightning Nitrogen Oxides Ex-
periment (EULINOX, Héller and Schumann, 2000) in southern Germany,

thunderstorms were intensively investigated with radar and lightning detec-



tion systems. This study will focus on three EULINOX thunderstorms that
represent different levels of convective organization, size, and intensity typ-
ically encountered at mid-latitudes: a multicell storm, a squall line, and a

supercell storm.

Section 2 will present the main observation systems and the general method-
ology of the analysis. It is followed by the summary of the observations for
the individual storms in Section 3. The results are discussed in Section 4 and

the conclusions are summarized in Section 5.

2 Lightning and radar data

The lightning activity in the main observation area of the EULINOX campaign
(Fig. 1) was monitored by two different systems. The BLIDS (Blitz Informa-
tionsdienst von Siemens) system is a commercial lightning detection network
that is operated by the Siemens AG and completely covers Germany and
Switzerland. In many respects it is comparable to the U.S. National Lightning
Detection Network, NLDN (Cummins et al., 1998). The system is designed for
the detection of the impact point of CG return stokes in the VLF/LF band.
Single strokes can be horizontally localized with an accuracy of 500 m or bet-
ter. For the period of the EULINOX campaign, the ONERA (Office National
d’Etudes et de Recherches Aérospatiales) provided an interferometric light-
ning mapper (ITF, Defer, 1999). The system consists of two VHF receivers
tuned to 114 MHz with a narrow bandwidth of 1 MHz. The interferometric
data analysis allows a three-dimensional reconstruction of the fast streamer
processes both from CG and IC lightning (Mazur et al., 1997). The resolution

of the system is a few hundred meters, and a single flash can consist of up to a



few thousand individual signals. The ITF can monitor the three-dimensional
total lightning activity within approximately 75 km around the radar as shown
in Fig. 1. In this study, only the horizontal positioning of the ITF flashes is

exploited.

CG flash data derived from BLIDS and total activity identified with the
ITF lightning observations are averaged over 5 min intervals, smoothing fast
changes in the flash frequency, while still representing the lightning activity for
the convective state of the storm. A further description of the interferometric
system as well as a comprehensive comparison between the BLIDS and the
ITF detection efficiencies during EULINOX was presented by Théry (2001).
A similar comparison between the NLDN and the ITF was presented by Lang

(1997) for the STERAO-A experiment (Dye et al., 2000).

The development of the storms was monitored with the C-band polariza-
tion diversity Doppler radar POLDIRAD (Schroth et al., 1988) positioned at
Oberpfaffenhofen, cf. Fig. 1. POLDIRAD is operated by the DLR (Deutsches
Zentrum fiir Luft— und Raumfahrt). The polarimetric parameters can be used
to identify different particle classes inside clouds. Holler et al. (1994) have de-
veloped a classification scheme based on radar reflectivity factor Z, differential
reflectivity Zpgr, and linear depolarization ratio LDR. It is capable to distin-
guish between eleven hydrometeor classes: Small raindrops, large raindrops,
snow /graupel (dry, small), graupel, and six different hail classes. In addition,
contamination of the radar data from multi body scattering (hail spikes) and
differential attenuation (propagation effects) are removed.

In a further extension of the original scheme, Holler (1995) developed a method
to derive mass concentrations for different hydrometeor types inside a thun-

derstorm. The hydrometeor classes identified using the Zpr and LDR mea-



surements are grouped into four basic classes: rain, snow/graupel, graupel, and
hail. The reflectivity factor is used to determine the water or ice content M
by applying empirical relations to Z and the precipitation rate R. The general

form of the empirical equations is:

Z=a-R' , M=c-R" | (1)

which can be summarized to give:

M=a-2° | (2)
The parameters a and  depend on the hydrometeor class and the type of
precipitation system under investigation. As given together with their corre-
sponding references in Tab. 1, the values used for this study were derived from
thunderstorm observations. In mixed—phase regions, the water and ice frac-
tions are assumed to depend linearly on LDR. High LDR values indicate the
predominance of hail. A similar relation is supposed to describe the graupel-
hail and snow-graupel transitions. Rain regions are assumed to be confined to
reflectivity values up to about 55 dBZ. Even if LDR and Zpg are still consis-
tent with pure rain the very high reflectivity values do indicate the presence
of some hailstones. Otherwise extremely high liquid water contents would be
analyzed from the Z-M relations.

An example for the application of this scheme is presented in Fig. 2, where a
vertical cross section through the 21 July 1998 supercell storm, that will be
further analyzed in the following sections, is shown. Note that in convective
storms the snow/graupel class consists predominately of small, dry graupel.
In order to provide an optimum characterization of the complete storm only

radar volume scans are used for the particle classification.



For the analysis of height—-dependent processes, the convective systems con-
sidered in this study are vertically separated in three different layers: (1) the
region between the 0°C isotherm (“base layer”) and the ground, (2) the mid-
level region between the 0°C and the -20°C isotherm, and (3) the upper cloud
region above the -20°C isotherm, including the anvil and the upper part of
the storm core. The corresponding height values for the temperature levels
are taken from the 1200 UTC radiosonde observations at Oberschleissheim
(Fig. 1). The resulting altitudes above sea level are 3.6 km, 4.0 km, and 3.7km
for the 0°C isotherm, and 6.8 km, 7.2km, and 6.8 km for the -20°C isotherm

of the multicell, supercell, and squall line, respectively.

The layers were chosen according to the simplified electrical tripole-model of
thunderstorms that result from the basic non-inductive charging process (e.g.,
Saunders, 1993; Stolzenburg et al., 1998). The charge generation processes are
mainly concentrated in the lower part of the mid—level layer where charge is
generated by graupel-ice collisions in the presence of supercooled liquid water.
Following the simplified tripole model, which is a reasonable approximation
for severe storms (Marshall et al., 1995), the negative charge center would be
in the mid-level layer, while the positive charge is located in the upper level.
However, also an inversion of the polarity can be observed, where the lower

main charge center is positive (Lang and Rutledge, 2002).

The lightning frequencies will be correlated to both the radar derived mass
of the individual hydrometeor classes and the relative amount of a given hy-
drometeor class to the total mass in the three levels. The mass itself is a
rough measure of the particle density, while the relative amount of the differ-
ent classes reflects the dynamics of the storm. In addition, this mass fraction is

less sensitive to changes in the sample volume as compared to the total mass.



Thus, this indicator also allows the comparison of storms that differ in size
where the total mass can vary by more than an order of magnitude, while the
electrical activity is comparable. Nevertheless, only those radar volume scans
are used that do include a major fraction of the storm, and in particular the

convective core.

3 Results from combining radar and lightning observations

Three convective systems that differ significantly in their dynamical organi-
zation and lightning characteristics are analyzed: a multicell complex, a su-
percell, and a squall line with a well-defined leading edge (Fig.3). All storms
were long-lived and remained in the main observation area for two to four
hours. Due to the limited ITF field of view, a complete IC and CG lightning
characterization is only possible for the supercell, while for the other systems

the focus is on the CG lightning activity as observed by the BLIDS system.

3.1 26 June 1998: Multicell storm

The first system is a multicell storm that formed 80 km west of the radar in the
afternoon (1445 UTC) ahead of a cold front approaching from the north—west.
The system showed little internal organization of the individual cells (Fig. 3a).
Both radar and BLIDS observed the thunderstorm complex until 1830 UTC.
During this period, the storm was crossing the I'TF area between 1520 and

1715 UTC.

The total lightning activity of the multicell (Fig.4a) is characterized by a

rapid increase to almost 60 flashes per minute within the first 40 minutes



of the storm. Note that the storm enters the ITF area at 1520 UTC. After
reaching this maximum, the lightning frequency decreases to a minimum of
a few flashes per minute before converging to about 10min~!. This value
remains approximately constant until the multicell starts to leave the ITF
field of view at around 1715 UTC. The CG lightning activity on the other hand
is characterized by approximately nine distinct maxima, where the maximum
values of the CG flash frequency increase from 1 to 9 flashes per minute during
the whole observation period. For the complete lifetime of the multicell the
total number of CG flashes recorded by the BLIDS system reached 5100,
of which 300 were positive lightning (CG+). During the two hours that the
system was located inside or close to the I'TF observation area, a total of 3100
flashes were recorded by the ITF system for the multicell. The observations
indicate that after 1630 UTC until the storm is leaving the ITF area, CG
lightning constitutes a large fraction of the total lightning activity. After this
period, however, there is no information on the total lightning activity in the

storm.

Seven volume scans with polarimetric parameters were recorded for the mul-
ticell. The scans are not spaced equally in time but biased to the end of the
observation period with only two volume scans while the storm is inside the
ITF area. Therefore, in order to have a consistent description of the lightning
and bulk microphysical evolution of the storm for a considerable number of
volume scans, the analysis focuses on CG lightning as a measure for the elec-
trical activity, with the restriction that CG flashes do only represent a part of

the overall lightning development.

The total mass and the mass fraction of the particle classes and the correspond-

ing CG lightning frequency are presented in Figs. 4(b-h). For the base layer,



the CG lightning activity increases with decreasing rain fraction (Fig. 4c). On
the other hand, the frequency increases with a growing fraction of graupel,
however, not as well correlated as in the case of rain. There is little sensi-
tivity of the CG lightning activity to the hail fraction, constituting a 5-10%
contribution to the total mass during the observation period. Using linear re-
gression, the dependence of the lightning frequency foq, in min~! to the rain

and graupel mass fractions F' in % is:

fCG = _0-24Frm’n + 16 (Train = —093) , (3)
fCG’ = O.SOFgmupel — 8.9 (T’gmupel = 087) s (4)
with
R icqa I, hail} (5)
P = .1 € {rain, snow, graupel, hail} .

Here, r denotes the linear correlation coefficient and M the mass of the hy-
drometeor class in the level. Considering the total mass in the base layer
(Fig.4d), the CG lightning activity shows a positive correlation with the total
mass. However, there is a significant scatter in the data and no direct linear
relation can be established. On the other hand, for hail and, to a lesser ex-
tent, graupel there are some reasonable linear relationships between the CG

lightning frequency and the mass of the hydrometer class:

fCG =0.94 x 1076Mhm'1 —5.3 (Thail = 095) s (6)
foa=0.78 x 107 Myrauper — 25 (Ygrauper = 0.78) (7)

where M denotes the total mass found in the layer in kg.

At mid-level of the storm, between the 0°C and -20°C isotherm, the CG

lightning activity increases with a growing snow fraction (Fig.4e), giving rise

10



to a reasonable positive correlation with a linear correlation coefficient of 0.88.
At the same time, the CG flash frequency decreases with increasing rain and
hail fraction, while there is no definite trend for the correlation of the CG
lightning activity with graupel. In case of the masses at mid-level (Fig.4f),
the data exhibit a strong correlation both for the total mass and the mass of

snow with the CG lightning frequency:

foa=0.015 X 107 Myppa1 — 3.4 (Pyopar = 0.96) (8)
foa=0.017 X 107 M0, — 0.078  (T'gnow = 0.95) . (9)

To a lesser extent, a positive linear correlation of the CG lightning activity to
the mass of graupel can be established, while compared to the mass fraction

no such relationship can be found for either hail or rain.

A good correlation follows for the mass fractions of snow and graupel in the
upper region above -20°C and the CG lightning activity (Fig.4g). The CG
flash rate grows strongly and in an almost linear fashion with an increasing

(decreasing) snow (graupel) fraction:

foe=—012F jupet + 6.4 (Tgrauper = 0.90) (10)
foe=0.10Fg0n — 3.9  (rsnow = 0.89) . (11)

The largest value of the linear correlation coefficient in the case of the multicell
can be found relating CG flash frequency to either total mass or to mass of

snow in the top-level:

foe=0.030 x 107 Mppa1 — 2.5 (T4orar = 0.98) | (12)
foe=0.025 x 107" M0 — 40 (Tgnow = 0.98) . (13)

Due to the fact that all volume scans considered in the case of the multicell

completely cover the storm from top to bottom, the total mass of the storm

11



can be used for the correlation with the CG lightning activity. Fig. 4b presents

this linear correlation for the thunderstorm:

foa=38x 10" "Mpsa1 — 7.2 (Tiotar = 0.96) . (14)

3.2 1 August 1998: Squall line

The second system under consideration is a squall line that crossed the main
observation area from south—west to north—east between 1400 and 1730 UTC.
The lateral extent varied from 60 to over 100 km along the leading edge. The
convective system was well inside the I'TF area between 1415 and 1530 UTC.
During this period, 70% of the total lightning activity were CG flashes with
a maximum value of 20min~! (Fig.5a). Before leaving the ITF area, the to-
tal flash frequency exceeded 30 min—!. However it is not clear from the data
whether this was a short burst or the beginning of a longer period of elevated
IC flash activity. After leaving the ITF area, the CG lightning frequency re-
mains at about 22 min~! until a sudden decay in activity at 1730 UTC. Due to
the large extent of the squall line, the ITF system only significantly covers the
storm during less than half the radar observation period. However, during the
time when the squall line was observed by both lightning detection systems,
the CG flash frequency restricted to the I'TF lobes follows the general tenden-
cies in total activity (Fig.5b). This provides some confidence to assume that
the CG lightning activity is a reasonable indicator for the electrical activity
also during the mature stage of the storm. Thus, the analysis focuses on CG

lightning.
A total of 14 volume scans are available for the analysis of the storm that

12



are well-distributed over the observation time frame. Due to the fact that the
squall line was passing overhead the radar and that the storm was at the outer
limits of the main observation area during the late mature and decaying stage,
not all volume scans covered every height level. As a result, the radar analysis
for the base layer is more biased towards the early stage and for the top—level

towards the late mature stage.

With the exception of hail in the base layer, the mass fraction of the individual
hydrometeor classes remain at almost constant values for all three height levels
(Figs. 5¢c, e, g), while the CG lightning frequency is ranging between 5 to

25 min~!.

In the early mature stage, the total mass and the mass of the hydrometeor
classes remain almost constant in the base layer (Fig. 5d). The sudden increase
of the mass for the last observation points is accompanied by an enhancement
in the CG lightning frequency. The rapid increase of the lightning activity with
the growing mass is also a dominant effect for the first part of the observations
in the mid-level (Fig.5f). However, this is followed by a still strong increase
in the total mass with little changes in the CG lightning activity, while at the
end of the observations, the CG flash frequency even decreases with growing
mass. The same behavior can be identified in the top-level (Fig.5h), where
the CG lightning frequency is further decreasing with increasing total mass.
No conclusive correlations can be drawn from the observations regarding the

mass distribution in the squall line and the lightning activity.
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3.8 21 July 1998: Supercell storm and intracloud lightning

On 21 July 1998, a supercell was forming approximately 80km west—south—
west of the radar at 1625 UTC. The development of this storm is well described
in Fehr et al. (2004). A detailed analysis of the ITF observations and the storm
microphysics was presented by Dotzek et al. (2001). The lateral extent of the
supercell is much smaller than for the multicell described above (Fig.3b).
However, this cell was by far more intense, with a sustained high reflectivity

core, reported hail, strong straight-line winds, and a high lightning density.

The thunderstorm entered the ITFEF area at 1700 UTC and was completely
within the range of the system from 1715 UTC on, where it remained until the
supercell decayed. The total lightning activity of the storm was dominated by
a fourfold increase in the number of flashes within 20 min starting at 1730 UTC
to 47min~! (Fig. 6a). Williams et al. (2000) showed that severe weather on the
ground is often correlated with such “jumps” in lightning activity and, in fact,
there are damage reports for this storm indicating destructive wind speeds,
hail, and heavy rain (source: NatCat database, Munich Re). Before this burst,

! and after reaching the

the lightning frequency increased slowly to 10 min~
maximum, the total activity dropped to approximately 20 min~'. It remained
at this level until the electrical activity decayed rapidly at 1905 UTC. The
CG lightning frequency on the other hand remained low during the complete
life cycle of the storm with two isolated peaks reaching 3.8 and 3.6 min™! in
the developing stage. The total number of flashes as observed by the ITF is
3300, while only 330 flashes were registered by the BLIDS, showing that CG

lightning is only a minor contribution to the total electrical activity (Fig. 6b).

It is remarkable that 70% of the CG flashes following the maximum in the

14



total lightning activity at 1745 UTC were positive. The study is focusing on
IC lightning which clearly dominated the electrical activity of the supercell
and is approximated here as the difference between the total lightning activity

observed by the ITF and the number of CG lightning from the BLIDS system.

The radar observations cover the complete life cycle of the storm which lasted
approximately 3.5h resulting in a total of 10 volume scans which are evenly
distributed over time. Unfortunately, between 1800 and 1845 UTC the storm
track was close to the radar and the volume can only be analyzed up to a height
level of approximately 7km, which reduces the number of volume scans for
the upper level region. From 1830 to 1845 UTC the thunderstorm core was
only about 15km from the radar, therefore only the base level is reasonably

covered by the volume scans.

During the developing stage and the maturity of the storm, the mass fraction
of rain and graupel remains at an almost constant level around 75% and 20%,
respectively (Fig.6¢). Therefore, no dependence of the IC lightning activity
with the mass fractions can be identified. Only for the last scan during the
decaying phase with a low IC flash frequency of less than 2min~—!, the mass
fraction of graupel increases significantly, while the rain fraction decreases.
The analysis for the total mass in the base layer leads to similar conclusions
(Fig.6d). With the exception of the last scan, the mass of rain and graupel,

and with it the total mass do not vary significantly over the storm observation.

There is also no dependence of the lightning activity on the graupel fraction in
the mid-level (Fig.6e), which remains at about 55%. On the other hand, the
data indicates that the IC flash frequency increases with a decreasing snow

fraction. Although only being a minor contribution of 5-15%, there exists a
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positive correlation of lightning with the rain mass fraction, resulting in a lin-
ear correlation coefficient of 0.87. The correlation of the hail mass fraction and
IC lightning activity during the lifetime of the storm is forming a distinctive
“cycle” that can be separated into three parts: (1) in the developing period,
lightning activity is rapidly increasing up to its maximum with an almost con-
stant hail fraction, (2) during the mature stage, the lightning activity decreases
with an increasing hail fraction, and (3) the decaying stage is characterized
by both a decreasing lightning frequency and hail fraction. Although the total
mass of hail does not show this distinctive “cycle”, a pronounced maximum
can be identified for a IC lightning frequency of 27.5min~! (Fig. 6e). Exclud-
ing the scans for the developing stage, good linear correlations between the
IC flash frequency and the total mass, the mass of graupel, and, to a lesser

extent, the mass of rain can be established:

fre=0.75 x 107 My — 23 (rrorar = 0.99) (15)
fIC' =14 x 10_6Mgraupel - 27 (Tgraupel = 096) ) (16)
fIC =4.0 % 1076Mrm‘n + 4.2 (rrain = 089) ) <17>

with M in kg and f in min~!.

Reasonable linear correlations exist between the mass fractions and the elec-
trical activity for the top—level region (Fig.6g). The lightning frequency is

growing with increasing graupel and hail, and decreasing snow fractions:

fIC = 2-2Fhail —1.0 (rhail = 094) ) (18)
fIC = _0-92F3n0w — 93 (Ttotal = 092) ) <19>
fIC - 1‘6Fg'raupel — 68 (TgTaUpel = 084) ’ <2O>

The mass of graupel and hail, as well as the total mass in the top—level nicely

correlate with the IC lightning frequency:
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fIC' =1.0 x 10_6Mgraupel - 13 (Tgraupel = 096) 3 (21)
J1c =28 X 10" Mpais + 1.7 (rpqu = 0.95) (22)
F1o=0.87 X 10" Myppas — 27 (Fropr = 0.92) . (23)

However, it is important to note that only five radar scans can be used for the

top—level.

4 Discussion

Before going into details on CG and IC lightning related issues, some general

discussion related to the observation systems and the method is presented.

The three presented case studies were selected from the EULINOX storms on
the basis of data availability, significance, and representativeness. The radar
coverage of the storms strongly depends on their relative position with respect
to the radar site at Oberpfaffenhofen. Due to the fact that the POLDIRAD
elevation angles for the volume scans were between 1° and a maximum of 20°,
the top—level was often not significantly observed during the period where the
storms were close to the radar, while for thunderstorms that are more than
70km away the base layer was not adequately scanned. Therefore the radar
coverage of the storm levels changes over time. However, for all selected cases
between five and ten volume scans were available at the different levels during

the storm lifetimes.

Lightning was observed by two systems, the BLIDS for CG and the ONERA
ITF for IC flash activity. While the BLIDS network covered the complete
radar observation area, the ITF system’s field of view was restricted to two

lobes. The multicell storm as well as the squall line were only partly covered
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by the ITF during their life times. However, instead of restricting the analysis
to the time when parts of the thunderstorms were inside of the lobes, the CG
lightning frequency is used to correlate the electrical activity with the storm
bulk microphysics. While in case of the squall line there are some indications
that the CG flashes give a fair representation of the actual electrical activity
(Fig. 5b), this does not hold for the multicell storm. Therefore, the analysis for
the multicell is truly a study of CG lightning activity alone, which does not
necessarily correlate to the total activity. This can be seen in the comparison
of the total and the CG lightning frequency in Fig.4a for the period during
which parts of the storm were inside the ITF lobes: The pronounced maximum
in total lightning was not accompanied by a similar feature in the CG lightning

activity.

The use of a C-band polarimetric radar with a wavelength of 5 cm to study the
non-inductive electrification process itself in thunderstorms has its limits. Nei-
ther the supercooled liquid water droplets necessary for the riming process of
graupel, nor small ice crystal of the collision process can be identified directly.
However, with the method described above bulk microphysical properties can
be derived: the identification of different hydrometeor classes and their mass.
Even though error estimates of the approach by Holler et al. (1994) and Holler
(1995) are difficult to perform due to lack of verification data, the results are
consistent with the model understanding of thunderstorms and trends in the

mass development are correctly represented.

The radar—derived mass of the different classes is a function of both the number
and size of the particles. For the electrification process this is also an indicator
of how frequent collisions between different hydrometeors, in particular with

graupel, can take place and of the number of potential charge carriers. A
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large relative abundance of particles with higher terminal fall velocities that
can only be suspended and grow in strong updraft conditions, like hail and
graupel, indicate vigorous storm dynamics with strong updrafts. The more
their mass contributes to the total mass in the upper levels relative to snow

and rain, the stronger the upward transport in the storm.

4.1 Cloud—to—ground lightning

The increase of the CG lightning frequency towards the late mature stage
of the multicell storm can already be deduced from Fig.4a. The correlation
presented in Fig.4b shows a very good linear relation between CG lightning
frequency and total storm mass that holds during the mature stage, when
the mass is still increasing, and for the storm decay with decreasing mass.
However, the detailed analysis of the mass fraction and the total mass gives

some insight into the processes that underlie this correlation.

The high graupel mass fraction in the top—level (Fig. 4¢) during the developing
and early mature stage indicates strong updraft dynamics. The CG lightning
frequency with less than 2min~! in this phase, however, remains low. For the
complete observation time, graupel mass fraction is linearly anti-correlated
with the CG lightning frequency, indicating a growing CG lightning activity
with weakening upward motion. On the other hand, Fig. 4h shows the increase
of the total mass found in the top—level, which is mainly due to the accumu-
lation of snow, which is very well correlated with an increasing CG lightning
frequency. The graupel mass even tends to decrease with growing CG light-
ning activity. In contrast to particles with higher terminal fall velocities, like

graupel and hail, the lighter particles like snow and small graupel can still
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be transported upward. Thus, the weakening of the storm is compensated by
the growth of the storm volume, which almost doubles its total mass during
the observation, leading to a higher lightning frequency (Fig.4b). Note from
Figs. 4a, g, and h that the results for the second and third volume scan, where
the complete multicell is inside the lobes, indicate that the total lightning ac-
tivity is growing with increasing mass and mass fraction of graupel in the top

layer, while the total mass between the two scans is not changing significantly.

The graupel mass fraction at mid—level does not show an identifiable correla-
tion with the CG lightning frequency and remains between 30-50% (Fig. 4e).
Although constituting only a minor contribution, there is a clear indication
that the CG lightning activity is growing with a decrease in hail and rain frac-
tion, pointing to a weakening of the storm. But as in the top—level, the CG
lightning activity increases strongly with the snow mass fraction. The overall
growth of the system is also reflected by the total mid-level mass (Fig. 4f).
The CG lightning activity again shows a good positive linear correlation with
the mass. As can be seen from the linear regressions, practically all the mass
change during the observation is due to changes in the snow class. The grau-
pel mass does not vary significantly at the mid-level. Since the amount of
graupel in the top—level does not change with time, the graupel produced in
the mid—level is subsiding to the base layer, which can be identified in the
growing mass fraction of graupel (Fig.4c), as well as in the increase of the

total graupel mass (Fig. 4d).

The conclusion from the above is that the CG lightning frequency grows as
the updraft velocities are slowly decreasing, leading simultaneously to the
following processes: (1) A descending graupel center of gravity and with it

a lower charge center. This also explains the high IC lightning activity in
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the early stage of the storm where the charge center is lifted by the strong
updrafts, and (2) a reduced availability of graupel for the charging processes.
This effect is however compensated by the overall growth of the system. It
is remarkable that CG lightning frequency follows the changes in the radar
derived composition of the storm with no significant time lag as can be seen

in Fig. 4b.

The results for the CG lightning activity of the squall line as presented in Fig. 5
draw a completely different picture. Although the base layer is biased towards
the developing phase, while the mid— and top-level are more representative
for the mature stage of the storm, the mass fractions in all three levels does
not change significantly over the storm lifetime (Figs.5c, e, g). This effect
maybe explained by the coexistence of several convective cells at different
development stages, leading to a quasi—stationary state in the storm dynamics
as could be expected for a squall line. The radar—derived total mass of the
storm as presented for the three levels in Figs. 5d, f, and h indicates that the
storm is continuously growing. The CG lightning activity on the other hand
does not follow this development. In particular the results for the mid— and
top— level show that the lightning frequency does not change significantly with
the mass increase, remaining between 20-25 min~!, while the mass in the top—
levels grows fourfold and in the mid-level threefold. The last volume scans even
indicate that the mass of the storm is still growing significantly while the CG
lightning frequency decreases. This cannot be attributed to the growing anvil,
since the mass fractions remain unchanged and the result is not modified in
the case when only the high reflectivity volume above 20 dBZ is considered for
the mass estimates (not shown). Therefore, the radar observations alone are

not sufficient to explain this process. While there is a close relation between
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the total and CG lightning frequency during the early mature phase when a
significant part of the squall line was inside the ITF observation area, due to
the lack of information on total lightning the same must not be the case for the
later observations. Another possible explanation is that the composition of the
inflow air does change as the squall line is traveling out of the alpine foreland
into the Danube valley. Unfortunately, there are no aircraft observations for the
pre—storm boundary layer composition. The analysis shows that for the squall
line the lightning activity cannot be parameterized by the bulk microphysical

properties derived from the radar.

Fig. 7a summarizes the results for the CG lightning frequency and the total
mass from all three storms. Only volume scans are considered that cover the
complete height of the convective systems, i.e. all the levels. No distinctive
correlation between the total mass and the CG flash activity can be deduced
for the combination of the three storms, indicating that the CG lightning
frequency cannot be parameterized by a simple function of the total mass

that holds universally for different convective systems.

4.2 Supercell intracloud lightning

The supercell storm remains in the ITF field of view for almost its complete
lifetime. During this period, the electrical activity as observed by the two
lightning detection systems was dominated by IC flashes. Except for two brief
maxima in the early stages of the storm, the CG lightning frequency remains
below 2 min~!, while the total lightning frequency is between 15 and 40 min—!,
with a maximum of 47 min~! as presented in Fig. 6a (Dotzek et al., 2001; Fehr

et al., 2004).
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During the early observation period, the supercell develops its characteristics
after a storm splitting at around 1645 UTC (e.g., Houze, 1993). The first two
volume scans are still significantly influenced by the reorganization of the
storm, with two to three convective cells coexisting at the same time. While
at the upper level and the base layer this effect is not very pronounced, it
does significantly influence the mid-level mass (Fig. 6f). Unfortunately, due to
the proximity of the storm during the late mature and decaying phase, only
the last scan is representative for this period, and, in fact, reflects the late

decaying stage where only little electrical activity was still observed.

The dynamical and bulk microphysical development of the storm and its IC
lightning activity can be best seen in the mid— and top— level. The mass
fraction (Fig.6e) at mid-level is characterized by three distinct features: (1)
the “cycle” process for the hail fraction, (2) the practically constant amount
of graupel, and (3) the well-correlated increase of the IC flash frequency with

the rain mass fraction.

The “hail cycle” described in Sec. 3.3 is a result of the dynamical development
of the storm and therefore its charging capabilities. During the developing
and early mature stage of the storm, hail is produced at mid-level and trans-
ported by strong upward motion into the top—level (Fig.6g) where it can
be supported by strong updrafts, increasing the hail mass fraction. This can
be nicely identified in the vertical hail cross section through the storm core
during its maturity (Fig.2f). However, not only the mass fraction of hail is
increasing in the top—level, also the graupel mass fraction grows significantly,
reducing the relative amount of snow from over 50% to less than 20%. This
rapid upward transport leads to a low hail mass fraction at mid—level. The

strong vertical motions as well as the enhanced particle fluxes associated with
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them efficiently lead to the production of large amounts of charge and high
lightning frequencies. During storm maturity, the updrafts are slowly weaken-
ing, and with it the charging efficency, allowing the accumulated hail aloft to
descend, increasing the hail fraction. Finally, the further decrease in updraft
strength during the decaying phase leads to a final descent of the hail core

and a depletion of the hail at mid-level.

The positive correlation of the lightning activity with the fraction of rain in
the mid-level of the supercell can be explained as follows: Rain aloft is an in-
dictor of strong vertical motion and high liquid water contents associated with
effective graupel formation. The presence of rain itself is probably due to re-
circulation of melted ice particles form regions with lower updraft speeds. The
enhanced availability of liquid water droplets could favor an efficient charging
through the non—inductive mechanisms due to higher riming potential. The
fact that IC lightning is clearly dominating the overall electrical activity for
the supercell maturity can be attributed to elevated charge centers due to the
strong updrafts. While during this stage the fraction of CG lightning to the
total activity remains below 13%, shortly before the last scan in the decaying
phase, at around 1915 UTC, CG lightning is contributing more than 30% for
a brief period of ten minutes (Fig. 2b). The last scan is the only radar volume
where graupel constitutes a major fraction of the otherwise diminishing thun-
derstorm mass (Figs. 2¢, d). This indicates that as before in the multicell case,
the CG lightning activity is growing with the descending graupel core and the
charge center associated with it. The fact that practically all CG flashes dur-
ing the late mature phase and in the final burst are positive can be explained
by some observational indications from the interferometer that the supercell

was an inverse polarity storm, where the mid—level charge center is positive.
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This supercell is in many respects similar to the predominantly positive CG
storms observed during the STEPS project (Lang et al., 2004). Based on the
results by Saunders (1993) and Takahashi (1978) high liquid water contents
are necessary during the riming of graupel for this process. This hypothesis is

supported by the high mass fraction of rain at mid—level.

The processes identified above are only moderately represented in the mass es-
timates for the hydrometeors. Nevertheless, the IC lightning frequency shows
a good linear correlation with the total mass for all three levels during parts of
the storm. In particular the positive correlation of IC lightning activity with
mass in the mid— and top— level indicate that the electrical activity grows
with the overall supply of particles, mainly graupel, that are potential charge
carriers (the developing stage in the mid-level is not considered). With the ex-
ception of the last volume scan during storm decay, the IC lightning frequency
is negatively correlated with the total mass in the base layer. Although this
dependence is not very strong, it does obviously show that during the mature
stage with high IC lightning activity the updrafts are strong enough to sus-
pend more than 50% of the total mass above the 0°C level, with the strongest
precipitation and reduced IC flash frequency in the developing and late mature

stage.

As before for the CG lightning activity, Fig. 7b presents all the data where 1C
flash frequency and total mass of the complete storms is available. Unfortu-
nately, only six radar scans, three from the multicell and the supercell, can
be used. However, already the sparse data indicate that similar to the CG
lightning activity, the IC lightning frequency cannot be parameterized by the

total mass alone.
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5 Conclusions

This study investigated three storm types that significantly differed with re-
spect to their microphysical and electrical development. The aim was to find
simple relationships that will help develop and improve parameterizations of
the lightning activity for the use in mesoscale models or nowcast routines.
Mass fractions and total mass contents for the hydrometeor classes derived
from polarimetric radar observations are used as measures of the dynamical
and bulk microphysical properties of storms, while total and CG lightning ac-
tivity was monitored by two different lightning detection systems. The major

conclusions from this study are:

e The lightning activity can be very different for a similar total mass in differ-
ent storm, ruling out a universal lightning parameterization based on total
mass alone.

e For individual thunderstorms the total mass of as well as the mass in the
individual height levels can be linearly correlated with the IC (supercell)
and CG (multicell) lightning activity for distinct stages of the storm. For
large organized systems with many coexisting convective cells, as in the case
of the squall line, no such dependence can be established.

e There appears to be only a small or no time lag between changes in the upper
storm bulk microphysics and electrical activity, indicating that the lightning
activity follows closely the dynamical and microphysical development.

e There are strong indications from the comparison of the storms that the level
of convective organization strongly influences the lightning development in
a storm which will have to be included in a parameterization of lightning.

e Linear correlations between the radar derived masses and mass fractions and
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the lightning frequency can be established and related to the non-inductive

charging hypothesis.

In order to further quantify the relationship between lightning and bulk micro-
physical properties to be used in parameterizations, more convective systems
have to be analyzed. New measures for the convective organization or more ba-
sic physical processes have to be developed and included into future lightning

parameterization.
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Hydrometeor Class o Ié; Reference

Rain 0.91 x 1073 | 0.70 | Sekhon and Srivastava (1971)

Snow 5.56 x 1073 | 0.46 | Yagi and Uyeda (1980)

Graupel 2.44 x 1073 | 0.56 | Yagi and Uyeda (1980)

Hail 0.19 x 1073 | 0.67 | Federer and Waldvogel (1975)
Table 1

Coefficients used for the Z-M relation in Eq.(2) with Z in mm® - m=3 and M in

g-m3.
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Fig. 1. Special observation area for the study: The analysis is confined within the
100km range (black range ring) around the POLDIRAD radar (Radar OP). Only
those ONERA ITF flashes are used that were detected within the white range rings,
restricted by the two antennas at Wielenbach (ITF WB) and Oberschleissheim (ITF
08).
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Fig. 5. Lightning and masses for the squall line: (a), (¢)-(h) same as Fig.4. The

arrows in (d), (f), and (h) indicate the temporal sequence of radar volume scans.

(b) IC and CG lightning frequency restricted to flashes in the ITF lobes (Fig.1).
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Fig. 6. Lightning and masses for the supercell: (a), (¢)-(h) same as Fig. 4, the sub-

scripts “d” and “D” indicate scans during the developing and decaying storm phase,

respectively. (b) The relative amount of CG flashes to the total lightning activity.
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Fig. 7. Lightning activity versus mass for the (a) CG and (b) IC lightning frequency

observed for the multicell (A), squall line (<), and the supercell (O).
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