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Abstract. Cloud electrification and related lightning actyvin thunderstorms have their origin in the chasgparation and
resulting distribution of charged iced particleshii the cloud. So far, the ice distribution witldonvective clouds has been
investigated mainly by means of ground based melegical radars. In this paper we show how thedpots from Cloud
Profiling Radar (CPR) on board CloudSat, a pol#elke of NASA's Earth System Science Pathfinde8$P), can be used
to obtain information from space on the verticatdbution of ice particles, ice content and rethim to the lightning activity.

The analysis has been carried out focusing on dimevective events occurred over Italy that havessed by CloudSat
overpasses during significant lightning activitheTCPR products considered here are the vertioéllgw of cloud Ice Water
Content (IWC) and ice particles Effective RadiuR{Eto be compared with the number of strokes assomed by a ground
lightning network (LINET). Results show a strongretation between the numbers of strokes and thecakdistribution of

ice particles as depicted by the 94 GHz CPR pradircparticular, cloud top IWC peaks and relatMeigh profile-averaged

RE seems to be favourable to produce strokes.

1 Introduction

Lightning is an effect of cloud electrification, thihe detailed mechanisms that cause the chargeatiem are still debated.
However, the importance of cloud microphysical ctuee, in particular the ice water content, in thiscess is generally
accepted and is confirmed by experimental studiesraumerical modelling. Considering the varioushamisms, the non-
inductive ice-ice interaction is one of the mostradited for cloud electrification. This mechaniseguires the presence of
large ice hydrometeors (i.e. graupel or hail ps)l¢tat collide with ice crystals in a suspensibaupercooled water droplets
(Reynolds et al., 1957; Takahashi, 1978; Toracit®®5; Berdeklis and List, 2001). Jayaratne e{1&®83) showed that the
charge sign could be positive or negative as atiomof the cloud temperature, whereas positivaidito-ground (+CG)

generally occur when the wind regimes increasbérstorm evolution (MacGorman and Burgess, 1934 hail portion of
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a storm (Liu et al., 2009) and the tornado siglimgtornadic storms (Carey and Rutledge, 1998hareuple of examples
where the intensification of the event is coupléthwthe shift from —CG to +CG (MacGorman and Busyd994).

Actually, the dominant source of in-cloud chargéhis result of colliding ice particles, as desadiilber example in Adamo et
al. (2007). The convective updraft increases tigidi water content, the number of supercooled witgplets, and the number
and size of ice crystals available in the so catledrging zone, namely the region in which the gbdransfer takes place.
After collisions between rimed particles and snralbe particles, the larger particles take one gharhile the smaller ice
crystals take the opposite. Larger particles sichal and graupel remain suspended in the updnaftfall out when their

terminal velocity exceeds the updraft, while thidter ice particles are lifted to the upper regiofihe cloud establishing an
electric field within the cloud. This generates thecloud electric field distribution that initisgdightning when the field

exceeds values of 100-250 kV*IiMarshall, Rust et al., 1995; Marshall, McCarttiyak, 1995).

The above conceptual model is the foundation fonenical models like the 1-D Explicit Microphysictidhderstorm Model
(Solomon and Baker, 1996; Solomon, 1997; Solomaal.eP005) used to study the relationships betwiedtning activity
and cloud microphysical structure (Formenton, 2013)

Since the relationship between lightning and mibxsics is widely accepted, radar has frequentlynhesed to investigate
thunderclouds. Rutledge and Petersen (1994) coedirwith their observations the bipolar model ddxatiby Orville et al.
(1988): the majority of the negative CG flashes lacated in the region of higher radar reflecyivithile the positive ones

are found in areas of weaker reflectivity, in caitence with the stratiform rainfall region.

Much research (since Kinzer, 1974) has been deuotélde observation of radar reflectivity and liging considering the
horizontal structure of the thundercloud. More relye authors have begun to investigate the vdrstaicture of radar
reflectivity. Rutledge and Petersen (1994) founat thhe number of cloud-to-ground flashes is higtiyrelated with the
vertical radar profile, showing the contributiontbé mixed-phase region to the non-inductive clmgrgnechanism. Zipser
et al. (1994) analysed the vertical profiles ofarakflectivity (VPRR) and the known differencedightning frequencies for
three different regimes (oceanic, monsoon and gental), confirming the relationship between the\liéater Content (IWC)
and the effectiveness of charge separation. Maentyy, Katsanos et al. (2007) confirmed the catreh between reflectivity
and lightning, finding a vertical profile with vada greater than 53 dBZ in the low levelszd6 dBZ at 5 km and 40 dBZ at
7 km associated with an 80% probability of lighthioccurrence. Deierling and Petersen (2008) andrldeg et al. (2008)
used a Doppler and dual-polarimetric radar as eceaf information of ice distribution and updraficlouds, in conjunction
with lightning data collected in northern AlabamalaColorado/Kansas during two field campaigns. Tioewmd significant
relationships between the total lightning activatyd precipitating and nonprecipitating ice massestinated fluxes, as well
as with updraft volume in the charging zone (f@r temperatures colder than — 5 °C), and found tthese relationships are
relatively invariant between different climate cdmmhs. Roberto et al. (2016) found a marked relahip between cloud

graupel content by using C-band radar. Radar taflgcgradient is also a good indicator for stramgdrafts (Toracinta, 1995;
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Zipser and Lutz, 1994; Hondl and Eilts, 1994), ihoontribute to the creation of opposite chargéorey Some clues in the
same direction came also from satellite measuresnBetersen et al. (2005) pointed out that a selationship can be found
between lightning and ice microphysics. In theirdst they used the cloud ice microphysics inforpratvailable from the
Precipitation Radar (PR) onboard the Tropical Rairfleasuring Mission (TRMM) spacecraft (2A25 PRguct) to find

global relationships between ice water contentligindning activity as observed by the LIS instrurnenboard TRMM. They
found that on a global scale the relationship betweolumnar precipitation ice mass and lightnirgtil density is invariant

between land, ocean and coastal regimes (in comdraainfall).

However, PR uses a frequency (13.8 GHz) not optianahking into account contribution to the IWCeatio small ice crystals
in the upper cloud portion. More complete inforimatabout IWC profile can instead be provided by fo called cloud
radars, active sensors at higher frequency. Grbasdd cloud radars generally provide a limitedwamof information about
the ice in convective clouds due to the signalnats¢ion caused by the underlying liquid particled @ain layers. On the
contrary, satellite based cloud radars like th&®# Cloud Profiling Radar (CPR) on CloudSat anchpi&d on EarthCARE,
have demonstrated their full potential in profiliMyC and RE (Stephens et al., 2008; Austin e28I08).

In this work, we propose a novel approach to stheyrelationship between lightning and the vertilistribution of IWC and
ER, characterizing the charged cloud regions. ¥pent statistical results obtained studying fiveaxtive events occurred
over Italy, while one of them is analysed in detaibetter describe the relationship between cktadcture and lightning

occurrence.

2 Instruments and data
2.1 CloudSat CPR

CloudSat is a NASA Earth Sciences Systems Pathfindssion started in 2006, and flies in formatioithwother Earth
Sciences missions, taking part in a constellatibsum-synchronous satellites called "A-train‘efBtens et al., 2008). The
overlap between the field of view of the satellieigs to a multi-satellite observing system fiudying different aspects of
the atmosphere. In particular, the objective afudiSat is to measure for the first time the verttaicture of the clouds in
order to improve their characterization in globadals. The CloudSat instrument is the 94-GHz npdinting CPR, which
measures the power backscattered by targets astiofu of distance from the radar. The CPR provRiestmospheric slices
with a vertical resolution of 240 m, a 1.7x1.4 kootprint, and a sensitivity around -28 dB. The 3 mavelength provides
sensitivity to light precipitation and both soliddaliquid cloud particles, usually not detectedgogund based low frequency
weather radars (Stephens et al., 2008).

For this study, we used two 2B-level CloudSat potstuthe cloud geometrical profile (2B-GEOPROF) déimel radar only
version of the cloud ice and liquid water cont@B-CWC-RVOD). The 2B-GEOPROF contains the measteédctivity of

3
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the vertical column, after a screening performetth Wie MODIS cloud mask to filter out non cloudyfiles and a correction
for gaseous absorption. The 2B-CWC-RVOD providasieal profiles of IWC, LWC and cloud particle etive radius: the
retrieval algorithms work on profiles already clfied as cloudy and assumes lognormal cloud pasiglize distribution,
using also the vertical temperature profile aswestitd by ECMWF analysis (Stephens et al., 2008).

2.2 Lightning L ocation System data

Lightning strokes acquired by LINET (Betz et aD0Z; Betz et al., 2009) have been used in the stutyET is a lightning
detection network developed at the University ofrii¢h in 2006 consisting of about 130 sensors enguai 200-250 km
baseline in 17 European countries (Betz and Men20%4). Most of VLF/LF lightning networks reportgctusively or
dominantly CG strokes, while VHF methods allow thetection of in-cloud or cloud-to-cloud dischardis) (Nag et al.,
2015). The two different signals relate to two idist moments of a lightning: VHF emissions are a&ted with discharges
fast in time and short in length, such as initiddkdown and stepped leader, while long channgtsal in CG but also

present in IC, emit VLF/LF signals.

LINET works in VLF/LF band, but a lightning deteati algorithm to discriminate IC from CG is appliesiwell. Even if CG
and IC signals tend to dominate respectively ah kigd low currents (Betz et al., 2009), a discration based on amplitude
considerations is not reliable due to the overlegwben them (Nag and Rakov, 2008; Orville et &102). For this reason a
3D-method, called Time of Arrival (TOA) has beewveleped. This method is based on the differemfinsiof VLF emission
between IC and CG: the corresponding differencesairel times are calculated by the TOA locatingpakhm and give the
height of the lightning emission. This method rieggia maximum sensor baseline of 250 km and lmcatcuracy sufficient
to appreciate the difference of the two travelatises. The location accuracy has been verifiedriixes into towers of known
position (Betz et al., 2008) and reaches an aveaageracy around 150 m. The comparison with digbting networks has
revealed a good time-coincidence (Loboda et aQ92@nd a higher capacity to discriminate IC fro@ C.agouvardos et al.,
2009). The good sensitivity of the antenna, whietedts signals smaller than 5 kA, attributes d tmfhtning quality to the
network. The magnetic flux of the lightning sigmatetected by means of two orthogonal loops tyres a function of time
in a frequency range between 1 and 200 kHz, wigleas timing is achieved by a GPS clock with accyrbetter than 100 ns
(Betz et al., 2009). This characteristic is uséfula variety of research purposes, such as aaking (Betz et al., 2008),
recognition of severe weather conditions, the stfdightning induced chemical processes (Tuck,&)9@nd guarantees an
input for the improvement of models which descrioavective processes. The algorithm analyses aomiraf 512us, i.e.
no more than one event can be detected withintithis period. Signals of technical origin are distgriated through a fast

Fourier analysis (Betz et al., 2007).
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120 3 Analysisof the relationship between cloud structure and lightning

To discuss the capability of CPR profiles to ddsetthe cloud vertical structure in relationshiphathe number of lightning
produced by the cloud, we selected five significeame studies occurred over ltaly and well inteie@fy the CloudSat
overpasses. We first performed a statistical amabtysthe whole dataset to evidence the role o$iecture of the cloud, and

then focused on a case study optimally observe@Riy and characterized by a long term record ofrigh.

125 3.1 Relationship between cloud vertical structure and number of strokes.

Five events with lightning observed by CPR ovelyltave been selected to look for a direct depecelefthe rate of strokes

on the vertical cloud profile characteristics, asmated by CPR reflectivity. For each cloud pefih neighbourhood of 1.5

km radius is searched for strokes in the LINET das®, within an interval af5 minutes around the time of the satellite

overpass. In the five cases, we counted a totabéfstrokes, assigned to 56 profiles, out of d witd 031 cloud profiles
130 collected by CPR.

First, we analysed the IWC vertical distributionmaéavourable to produce strokes. Figure 1a presbetnumber of profiles
with at least one stroke divided by the numberrofifes for each interval of mean IWC profile, indting that 0.5 g rhis a
significant threshold to increase the occurrencstrmikes from values below 20% to above 40%, lvokets may also occur
for very low mean IWC. These values can be regaedetthe frequency that one profile with a given m&&C produces at
135 least one stroke. In Figure 1b is shown the nurob@rofiles with at least one stroke divided by thember of profiles for
each interval of maximum value of the IWC measuatkhg the profile: if the IWC maximum is below Ingf the relative
stroke occurrence is below 20%, it increases ufd@% when the maximum IWC reaches 1.5¢ n Figure 1c is reported
the number of profiles with at least one stroked#id by the total number of profiles as a functidrthe height of the IWC
maximum for the profile. When the maximum IWC isdbed at higher levels a greater stroke occurrenfond: all the 3
140 profiles with the IWC maximum above 11.5 km havelsts. The distribution shows that the strokes oetce is favoured
in profiles with IWC peak above 5 km, and generalhye main IWC peak is located in the middle cléaykrs, around 7 km
(for the 30.4% of the total profiles with strokes)at the cloud top, around 11 km (for the remajri®.6%), while profiles

with IWC peak around 9 km are less prone to prodiicEkes.

The second CloudSat product we analysed in ordehnacacterize the cloud profiles is the ER of tteeparticles, defined as
145 the ratio between third and second order momettieparticle size distribution, i.e. the area-wéighmean of the particle
radius (Hansen and Travis, 1974). It is worth mptimat when non-spherical ice particles are corgkrthe particle radius
means the radius of the equivalent mass ice spimeffgure 2a is shown the number of profiles vaitteast one stroke divided
by the number of profiles for each interval of mézR. A relatively high mean ER (larger than 0.95 yindicates higher
probability to have strokes, while the same fractiistributed over the maximum ER in the profile=ported in figure 2b,

150 presents a peak between 1.3 and 1.35 mm, indicttatgew layers with large ER are not essentidiawe strokes. CPR is
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not conceived to classify hydrometeor types, brgdanean values of ER are likely related to thesgmee of graupel in a

significant part of the cloud profile.

Finally, we compared our results to similar studiagied on by using ground-based, C-band weattdarrapplied to severe
events in Italy (Roberto et al., 2016), global TRMdsed climatology (Petersen et al., 2005), andenigad simulations
(Formenton et al., 2013). In Figure 3 are reportedthe five events considered here, the valueth®fevent-averaged Ice
Water Path (IWP) and the flashes spatial densithextime of CPR observatian5 min. On the same plot are reported the
minimum threshold linear function proposed by Fontoe et al. (2013) and the linear relation foundPeyersen et al. (2005)
over land (both converted to match the units usedHhis plot). These two lines express the relaiim between IWP and
flash density: the first one, based on numericall@liing takes into account only the contributiongofupel to IWP, while
the second is based on global observation of LEBRR on TRMM, and considers the total IWP. Thedghmore lines in
Figure 3 represents the regression lines of thveats analysed by Roberto et al. (2016) with a gddoased, C-band radar,
where only the graupel contribution is used to cotaghe cloud-averaged IWP. In order to comparthaBe results, we have
grouped strokes into flashes using the Yair ef24114) approach: strokes recorded in P kvithin 0.2 s were grouped into
one flash.

Three of our experimental points lay above alllihes, while two events are described by the Petees al. (2005) line. The
peculiarity of our study is that CPR measures #isocontribution of smaller ice crystals in the eppart of the cloud to the
IWP, which is not considered by Ku- (TRMM-PR) anebénd (ground weather radar) instruments, dueweisensitivity.
Our result show that, in general, there is a prigaal relationship between IWP and flash densitigh some difference with
previous studies. There is a substantial agreemigéimthe Petersen et al. (2005) line, this becduh studies makes use of
satellite borne radars and do not apply hydrometkmsification, while the other lines refer monedtly to graupel content.
This is an indication that the 2D vertical cloudtsan provided by CPR contains sufficient infornoatito be compared with
the TRMM-PR 3D scanning. For the two events layginghe Petersen et al. (2005), the IWP is maing/tddarge ice particles
(snowflakes, graupel and hailstones), while fordtieer three a not negligible part of the contiitruto the IWP comes from
small ice particles. To better illustrate thesalifitys, we carried out a deeper study on one oftlader cases and the results

are presented in the next section.

3.2 Case study occurred on 12-13 August 2010

To have a deeper look into the cloud profiles stmecfavourable to lightning development, we seddaine case study of a
mesoscale organized, long lasting convective sysitatroccurred in Northern Italy on the night begwé\ugust 12 and 18
2010. The convective episode started in latemdtem (LT) of August 12 above the western Po Valley and moved eastward
in the following hours, reaching the maximum depehent around 23:30 UTC the same day. This evewntyzexd a long time
record in terms of number of strokes in northeatylt
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In Figure 4 the METOSAT-9 10.8m image at 01:27 UTC is reported in colour shadeth superimposed (in black) the
pixels where lightning activity was registered HNET network within 10 min interval centred on tineage acquisition time,
as described in the previous Section. The daslzett bne indicates the track of the CloudSat othitt overpasses the area
of interest at 01:29 UTC. The segment from A ts Bhe portion of the orbit considered in this stutihe case study and the
orbit was selected because very close to the Eeltyractive portion of the cloud and also capablsample the anvil region,
where no strokes were detected by LINET duringsghecific 10 minutes interval.

In Figure 5, the CPR reflectivity is plotted in oat shades along the path shown in Figure 4, whéebars below indicate
the number of strokes registered by the LINET endbrresponding profiles. The structure of the dlsliows a well-developed
anvil stretching to the north and the convectiviévig on the south. A thick, highly reflecting ald ice layer is present: the
top of the cloud reaches 12 km a.s.l., while highwater content (above 0.8 g®rmot shown) columns reach 5 km a.s.l. It
has to be remarked that CPR signal could be styattgnuated by large hydrometeors and thus therlaoud layers and
rain structures are expected to be not properlgrited by CPR profiles.

Lightning activity occurs only on the convectiveripaf the cloud, while no strokes are detectedrenanvil and also in the
growing convective cell at around profile n. 30rajahe track. However, there is a relatively lamggion (between profile n.
98 and profile n. 110) where no strokes are reacbd#spite the CPR reflectivity shows a thick cléaykr: this suggests that
not only the high ice content is a key factor ineleping strokes, but also the vertical distribotaf IWC has an impact. Out
of the total number of strokes detected (82) ohitge are positive, and are detected in the aresalkest reflectivity, which

corresponds to the stratiform rainfall region, é¢aning the model described by Orville (Orville ét,4988).

To understand better the role of IWC vertical disttion, a more detailed analysis is made by selgqtrofiles with and
without lightning and in the convective part of theud. In Figure 6, vertical profiles of CPR prathiIWC and ER are
presented in case of lightning detected (top pare)no lightning detected (bottom panel) in pragirof the profiles. Figure
6a shows the profile n. 96 from the start of thassrsection reported in Figure 5, where the LIN&Jigtered 13 strokes, while
12 strokes are reported for the profile n. 118wshm Figure 6b. For Figures 6c (profile n. 106y&d (profile n. 124), still
in the active part of the cloud, no strokes ar®regnl. The cloud structures in these four caseseptesome similarities: thick
ice layer between 5 and 11 km above the ground peittk concentration larger than 1 @ at about 10 km above the ground.
The vertical distribution of ice content seems ¢orhore related to the cloud capability to producekss: for no lightning
cases the ice content decreases monotonically bewconcentration peak until it vanishes reactimg melting layer
(estimated around 3.7 km a.s.l.). In case oksspthe IWC structure presents a secondary cardiemt peak at about 7 km
a.s.l., at the same height where a peak of EReisenit, indicating the possible presence of graupel.
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The presence of lightning is favoured by a denedager at the cloud top, where relatively smallterparticles are present,
coupled with a second layer of high IWC, charagttiby larger hydrometeors. This structure is cafitewith the graupel-
crystal charging mechanism.

4. Conclusions

215 Despite the difficulties in picking out CloudSatespasses intersecting active convective cellsaily,Ithe combined use of
lightning data together with the values of IWC pgdmd by the CPR has highlighted the importancehefite phase in the

mechanisms that lead to the separation of changgeicloud.

Statistical analysis based on five events showetlégh mean and maximum IWC content is requirdtatee strokes, possibly
with peaks at around 7 km (Katsanos et al., 2007)0el1 km, while large values of profile averadrid also favour strokes
220 production. Comparisons with previous studies iatidhat the contribution of small ice particleshia highest cloud layers

should be taken into account to fully describertiationship between vertical cloud structures lagtttning.

From in-depth analysis of the selected case studyhave identified two distinct regions in the datructure favourable to
lightning production. The upmost region is foundaataltitude of about 10 km a.s.l., and is charaxtd by high values of
IWC (above 1 g nd), with ER below 1 mm. The second region is chammed by a secondary IWC peak around 7 km a.s.l.:
225 in this layer the cloud particles effective radisaches the maximum, indicating the presence gétdace hydrometeors (e.g.
graupel). The profiles with no-lightning do nobshthis secondary peak in IWC, even if a peak iniEf®und around 7 km
a.s.l. These structures are coincident with thegeheegions, which characterize the dipole, corifigrthe effectiveness of
the mechanism of electrification non-inductive tyd@article-particle: the ice crystals, positivelyarged, are pushed upward

by the updraft, while the larger hydrometeors, tieghy charged, are maintained in the lower parthefcloud.
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Figure 1: (a) Fraction of profileswith at least one stroke as a function of the mean IWC of the profile; (b) same quantity distributed
accor ding to the maximum value of the IWC along the profile; (c) same quantity distributed accor ding the height of the maximum
IWC.

50 @ 50 (®)
T 40 E 40
8 8
a0 € 30
@ B
& =
i 20 4 = 20
& ki
s =
g 101 2 101

0+ T T T 1 ; 0 T T —

0 200 400 600 800 1000 1200 400 600 800 1000 1200 1400 1600
mean effective radius (um) max effective radius (um)

Figure 2: (a) fraction of profileswith at least one stroke as a function of the mean ER of the profile; (b) same fraction as a function
of the maximum effectiveradiusin the profile.

13



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-136, 2016

Manuscript under review for journal Atmos. Meas. Tech.

Published: 28 April 2016
(© Author(s) 2016. CC-BY 3.0 License.

Petersen et al. '05
— — Formenton etal. 13
6 1 —— Robertoetal 16 (15 Oct '12) ]
——— Roberto etal. '16 (12 Oct '12) &
—— Roberto etal. "16 (13 Sep '12) -~
o
= ~
o ~
= ~
o) . -
= * 5 <
o o
= -
2 -
F e
.. e
o
/
0 T T T T
0.0 0,2 0,4 0.6 0,8

flash density (km?)

1,0

Atmospheric
Measurement
Techniques
Discussions

$s900y uadQ

EGU

Figure 3: IWP averaged for the five events consider ed as function of flash density (black symbols: the star indicates the case study
analyzed in the next Section). The black solid lineisthe linear relation found by Petersen et al. (2005) over land, the black dashed
lineisthethreshold found by Formenton et al. (2013) and thered, green and bluelines arethe resultsfound by Roberto et al. (2016)

360 with aground based, C-band radar for three events.

latitude (deg N)

longitude (deg E)

240

260

280

300
T(K)
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shown in Figure5.
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