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ABSTRACT

The importance of atmospheric electricity research has lreereasingly recognized in recent decades. Research on
atmospheric electricity has been actively conducted dimed 980s in China. Lightning physics and its effects, airgmt
branches of atmospheric electricity, have received maeatidn because of their significance both in scientificaesteand
lightning protection applications. This paper reviews @spheric electricity research based primarily on grouaseb field
experiments at different regions in China in the last decatie results described in this review include physics afettsf of
lightning, rocket-triggered lightning and its physicabpesses of discharge, thunderstorm electricity on thetdiibelateau
and its surrounding areas, lightning activity associatét gevere convective storms, the effect and response hthiigg to
climate change, numerical simulation of thunderstormtefesation and lightning discharge, lightning detectiarddocation
techniques, and transient luminous events above thuoderst
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1. Introduction by high voltage, high peak current with large amplitude-vari
ation, and severe electromagnetic (EM) radiation. Theg@rob

The importance of atmospheric electricity research has. o : . )
been increasingly recognized in recent decades. Thun eﬁr'-ty of ground facilities struck directly by lightning lssbeen

Storms are a maior blaver in the alobal atmospheric el reatly reduced since the innovation of the lightning rod by
. T jor piay 9 : b . enjamin Franklin. However, the economic losses caused by
trical circuit, the main components of which are the iong:

: ) . ightning have been increasing because of today’s wide uti-
S (80 Uzt ofmir-aecronics Lightng researchis
. : not only in terms of scientific research objectives, but also
In the last decade, new detection and location technolog#%%m the viewpoint of lightning protection practices
for lightning with high temporal and spatial resolutions@a Areas covered in this review include the physi(':s and ef-
greatly enhanced studies on atmospheric electricity im&hi fects of lightning: rocket-triggered lightning and the ghy
espec_ia_llly with respectto lightning physics and thundserst cal processes of ’discharge; thunderstorm electricity theer
elect_r|C|ty._ . . . (%jnghai-Tibetan Plateau and its surrounding areas; lightn
Lightning is a type of disastrous weather CharaCtenz%lctivities associated with severe convective storms; fieete
and response of lightning to climate change; the numerical
* Corresponding author: QIE Xiushu simulation of thunderstorm electrification and lightning-d

Email: giex@mail.iap.ac.cn charge; and lightning detection and location techniqués. F
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nally, recent findings relating to sprites in the middle atmgeak. Zhang et al. (2005) further analyzed the clBdeld
sphere above thunderstorms are briefly described. characteristics of stepped leader/return stroke prooassg-
ative CG flashes within 20 km. The leader-stroke waveform
at distances of less than 3.4 km appeared as V-shaped pulses
2. The physics and effects of lightning with negative leadeE field change, while it appeared as MP
: . . . _ monotonous positive)-shaped pulses with positive le&der
Know_ledge regarding the phyglcs of I|_ghtn|ng and its el change at distances greater than 5.1 km.
fects at fine te'?‘po_“?" resolution is very important not only Jiang et al. (2014a) detected an upward negative CG light-
in terms of scientific research objectives, but also frormng flash initiated from a high structure by a high-speed

the viewpoint of lightning protection engineering, in Patamera operated at 10 000 frames per second. They found,

ticular when considering today’s wide utilization of mi(-:rofolr the first time, that the bidirectional propagation of a

electronics nowa(_:iays._ In the last decade, many f'e"?' EXPY[Lit leader developing through the preconditioned channel
ments of natural lightning have_been conducted continyou he leader initially propagated downward through the upper
in the areas of Gansu (e.g., Qie .et al., 2000a, 2002b; Zh nnel with decreasing luminosity and speed and terndnate
etal., 2008), Guangdong (e.g., Qie et _aI., 2Q02a; DO’Fg’et an altitude of about 2.2 km. Subsequently, it restarted th
2002; Zhang et al., 2009¢; 2014e), Qinghai (e.g., Qie et evelopment with both upward and downward channel ex-

20052, Zhang et al,, 2009¢; Wang et al., 2013; Fan et ggjong The 2-D partial speed of the leader’s upward prop-
2014), the Tibetan Plateau (e.g., Zhang et al., 2004a; Zhgf

. ) ation with positive polarity ranged betweer2 3 10° m
et al., 2004; Qie et al., 2005b), Shanghai (Zhu et al., 200_ 1and 11 x 10’ m s 1, while the speeds of the downward

2014) and Shandong (Qie etal., 2007; Kong et al., 2008; Qg 1 ation with negative polarity ranged between 1.0 and
et al., 2014a). The main results from these experiments 8 1fmst

outlined in the following sections. According to the current continuity equation and DU

Diendorfer and Uman) return-stroke model, Zhang et al.
2009b) studied the spatiotemporal characteristics ofgeha
distribution along the lightning channel below 5 km. They
The stepped and dart leaders are important processefoumd that the charge density deposited along the channel
cloud-to-ground (CG) lightning flashes. Knowledge of leadeluring the return-stroke process neutralized the leadsgeh
progression is important for the interpretation of ligimi and decreased upward along the channel. The transferred
initiation. Profiting from high-speed video with a temporatharge density decreased with time, the current in the adann
resolution of higher than 1000 frames per second in corfeeased to flow, and the transferred charge became zero after
lations with broadband electri&] field change signatures,a sufficiently long time.
some new insights into the stepped leader in negative CG
flashes have been documented (Kong et al., 2005; Qie #né- I_Electromagneticfield of the return stroke and its non-
Kong, 2007; Lii et al., 2008a, Kong et al., 2009; Zhang etal.,  linear fractal nature
2009e). The return stroke is the optically brightest and most in-
Qie and Kong (2007) studied in detail the progression fegnse lightning process, and produces the most readily iden
tures of the stepped leader with multiple grounded branchéfiable EM field signature and the most serious lightning-
From the time-expanded waveform of tiefield change induced damage. On the basis of the electric field changes
during the return stroke stage, four sequential peaks cofidm wideband slow antenna, Zhang et al. (2003b) found that
be clearly found. The corresponding time differences bthe zero crossing time of the first stroke radiation field was
tween two adjacent peaks were approximately 4, 9 and 89us and 66us for positive CG and negative CG flashes, re-
us, respectively. The four peaks corresponded to four retpectively, and the corresponding overshoot depth was 20%
strokes induced by four different leader branches inidatand 31%, respectively. The initial peak of the return stroke
from one channel trunk. The average 2D speed of the faadiation field was followed by several subsidiary peaks.
branches was aboutllx 10° m s™1. LU et al. (2008a) ana- The time interval between the successive peaks increased,
lyzed the optical pulse characteristics of a downward stdppwhereas their amplitudes decreased in sequence. Zhang and
leader with six ungrounded branches. They found that tigge (2003) reconstructed ttefield waveforms of the return
pulses originated from the main channel and the branchske in three different distance ranges (15-50, 50-1d0 an
were almost identical in terms of geometric mean (GM) val:00-150 km). A relationship between the return stroke ra-
ues of 10%—-90% rise time and half-peak width, which weriation field change and return stroke current pulse was also
around 0.4us and 1.1us, respectively. rebuilt based on the traditional transmission line modeé Q
Qie et al. (2002a) found that the field change wave- et al. (2001) found that 54% of the negative multiple-stroke
forms produced by the stepped leader in negative CG flasi®s flashes had at least one subsequent stroke with aBpeak
could be divided into three types, in terms of the distant field change larger than that of the first strokes. Furtheemor
field characteristics between the final leader pulse ancethe sibout 20% of the subsequent strokes had a gefakd ampli-
turn stroke pulse, and the amplitude of the last leader putsele larger than those of the first strokes. The GM of the peak
correlated well to the following return stroke radiationdie field ratio of the subsequentto the first return stroke wa8.0.4

2.1. New insights into the progression of the steppecé
leader and dart leader
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On the basis of a statistical analysis of the waveform sigally more reasonable and preferable in simulating the cur
natures of 59 first return strokes of negative CG flashesrient along the lightning channel. Wang et al. (2012a) also
Guangdong, Kong et al. (2009) found that 15.3% of the firktund that the Heidler function component could reflect the
strokes were characterized by two or more peaks separgtbgsical characteristics of the subsidiary peaks in thescir
in time by 4-486us, which meant one CG flash could strikevaveforms of return strokes. Zhao and Zhang (2009) found
at more than one ground point. Based on this research, ithat, when the tortuosity of the channel was taken into ac-
necessary to re-evaluate the present lightning densityi-discount, the spherical or cylindrical symmetry vanished, and
bution, which assumes that one flash of lightning strikeg orthen the whole lightning channel could be regarded as a frac-
one point—an assumption that has been widely employed antenna composed of a series of single line radiators in
when determining regional lightning protection levels. Cartesian space, suggesting that the tortuosity of ligltni

Yang et al. (2008b) studied the characteristics of inducetannel should be taken into account in the calculation of
voltage in a horizontal conductor due to lightninghe lightning EM field.
simulated results showed that the induced voltage on both Lightning can be considered as a large-scale cooperative
ends of the conductor would increase with increasing reghenomenon, evolving in a self-similar cascaded way (Gou
turn stroke velocity and height of the conductoFhe voltage et al., 2007). On the basis of tfiefield change waveforms
would also increase with increasing of the matched groungcorded by the slow antenna system, Gou et al. (2006) found
ing impedances on both ends of the conductor but the rethat the Holder exponent sharply decreased to its minimum
tionship was nonlinear with the occurrence of the return stroke, and the mean value

The finite conductivity of the ground causes distortion affas—0.1 by using a technique of wavelet-based local effec-
the EM field, whose amplitude decreases and rise time tive Holder exponent. The time exponent variation was con-
creases, when the lightning EM field propagates along tbave during the active stroke period. The standard dewiatio
ground surface (Zhang et al., 2012a, 2012b, 2012c). For efthe Holder exponent reached its maximum just before the
ample, based on the 2D fractional Brownian motion (fBnreturn stroke. Gou et al. (2009) also found that the return
model describing the nature of the rough ground surfacgtoke process, in terms of iEsfield waveform, had apparent
Zhang et al. (2012a) analyzed the propagation effects of thactality and a strong degree of multifractality. They sug
rough ground surface on the vertical electric field generatgested that wavelet and scaling analysis might be a powerful
by lightning return strokes, and found that the extra field abol in the interpretation of a lightning-producg&dield and
tenuation increment caused by the roughness decreases thignefore in the understanding of lightning physics.
the decrease of the ground conductivity. When the ground ] ) o ]
conductivity is larger than 0.1 ST (wet earth), the frequen- 2-3-  Lightning characteristics as revealed by VHF radia-
cies higher than about 2 MHz are attenuated significantly by ~ tion location techniques
a rough ground surface with a mean square height of 10 m Lightning radiation in the very high frequency (VHF)
(zhang et al., 2012d). Li et al. (2014) developed a 3D finitdand is associated with air breakdown processes. The VHF
difference time-domain (FDTD) method for simulating theadiation characteristics from lightning discharge psses
lightning-radiated EM field over the 2D rough ground, an(Zhu et al., 2003; Chen et al., 2005; Wang et al., 2007; Cao et
found that the effect of the 2D surface roughness on the hat:, 2008) have been studied based on observation data. The
izontal field could not be ignored even at a distance of 1@@cation techniques of VHF radiation pulses are used to map
m from the lightning channel, and the increase of the lamu track the lightning discharge channel and infer the oharg
roughness resulted in a lower magnitude of the horizontdtucture inside the thunderstorm (Zhang et al., 2008; ghan
field waveform. et al., 2009f).

Zhang et al. (2014a, 2014c) further analyzed the influence By using the data from a self-developed narrow band
of the horizontally and mixed stratified conducting ground oVHF interferometer system and the synchrondudield
the lightning-induced voltages on the overhead line by ushanges produced by lightning, Zhang et al. (2008) studied
ing the 2D FDTD method and the Agrawal coupling modethe processes of a hegative CG flash containing 19 strokes. It
and found that the stratified conducting ground has much efas found that the preliminary breakdown events of the CG
fect on the lightning-induced voltages on the overheadlindlash started from the negative charge region and exhibited
Zhang et al. (2014b) also studied the effect of strike tadladl  firstly a downward and then an upward propagation. Very in-
jects on the far lightning-radiated electromagnetic figdd a tense and continuous radiation was found during the stepped
presented the field-to-current conversion factors (FC@ts) leader process, while less and only discrete radiation dur-
current peak inferred from observed magnetic field on tlireg the dart leader process@4-component events produced
ground level. Assuming that a return stroke current coheok-shaped field changes accompanied by an active burst
tains two components, a breakdown current and a corona afrradiation at their beginning. Following these activeirad
rent, Zhang et al. (2009b) calculated each of the two compation processedyl events appeared to finally contact main
nents using the analytical expression with Heilder funttioconducting discharge channeks events and attempted lead-
and found that the simulated current waveforms were in goetk were essentially the same as dart leaders except tyat the
agreement with the optical measurement if the discharge ticould not reach the ground and initiate return strokes.
constants were properly chosen, and the DU model was phys-Three-dimensional images of lightning progression were



172 A REVIEW OF ATMOSPHERIC ELECTRICITY RESEARCH IN CHINA VOLUM 32

obtained successfully for the first time in China based ono#517.9 and 532.8 nm being the strongest; the upper excited
3D lightning mapping system working at a frequency of 27énergies of around 30 eV and the lines of 500.5 and 568.0
MHz with a 3 dB bandwidth of 6 MHz (Zhang et al., 2010)nm were very weak, in contrast. Meanwhile, more lines of
Significant differences between the negative CG and pesit®@Il with high excited energy were found in the spectra of IC
CG flashes in terms of the initiation and propagation of tHigthtning discharges in comparison with those of CG flashes
radiation sources were found. The preliminary breakdown iofthe same region.
the negative CG flash propagated at a speed of abputBY* According to the relative intensities of spectral lines
m s 1. The stepped leader propagated downward at a spead transition parameters, Ouyang et al. (2006) calculated
of 1.3x 10° m s'1. The initial process of the positive CGthe temperatures for individual lightning stroke at differ
flash was also associated with propagation processes of nag- heights of the discharge channel using a multiple-line
ative streamers. method. The temperature in return stroke channels varied
) ) ) ) ~ from 29 000 to 36 000 K. For a certain return stroke channel,
2.4. Spectra of the lightning discharge channel in the vis-iemperature along the discharge channel showed a decreas-
ible band ing tendency with height. Zhang et al. (2007a) calculated
Among many research methods in lightning physics, oflte electron density according to thextine Stark broaden-
tical spectra analysis is the only one that can reflect thephing formula. The electron density varied fron68 x 10/ to
ical features within discharge channels, which are in thefo 5.03 x 101’ cm—3. Simultaneously, with the Saha equation,
of plasma because of the ionization by the large discharfe electron density was found to range frord®x 107 to
current. The spectrum of a discharge channel is closely 6625 x 107 cm~3. Generally, the more intense (i.e. large
lated to the plasma properties and temperature of the chpaak discharge current) the lightning discharge, the mighe
nel. Since 2001, observations of lightning spectra in thrbathe channel temperature, the electron density and théveelat
of 400-700 nm have been carried out using a slitless speoncentration of highly ionized particles, but the lowee th
trograph, and the average temperature and electron démsityoncentration of neutral atoms.
lightning channels have been deduced from the spectra in the ) ] N
visible band (e.g., Yuan et al., 2002, 2004a, 2006: Ouyangze? New observational evidence on positive CG flashes
al., 2006; Wang et al., 2009b). A positive CG flash lowers positive charge to the earth,
Two spectrum lines of wavelengths 604.6 nm and 619ahd usually neutralizes more charge than a negative flash.
nm for the first return stroke of negative CG flashes weltis generally thought that less than 10% of CG flashes are
recorded for the first time in lightning spectra by Yuan giositive on average, and positive CG flashes are less under-
al. (2004b). Based on the spectra structure, the lines in #$teod than negative ones because of the lack of observhationa
lightning spectra could be classified into two categories: edata. Kong et al. (2008) reported a positive CG flash with
sential lines and characteristic lines. The essentiatlden a pronounced stepped leader. The fasteld change of the
be recorded in most lightning return strokes, which can, pmsitive leader immediately prior to the return stroke sbdw
some extent, reflect the common characteristics of the didearly pronounced pulses, indicative of a step-like depel
charge channel. The characteristic lines carry the inftioma ment. The time intervals between the 26 leader pulses ranged
reflecting the trait of each individual discharge procedse Tfrom 3 to 31 ms, with a mean value of approximately 17 ms.
essential lines include NII (399.5 nm), NIl (480.3 nm)aH The 2D propagation speed, estimated from the two adjacent
(486.1 nm), NIl (568.0 nm), NI (648.2 nm), and soon.  frames, increased fromDx 10° to 3.8 x 10®> m s ! as the
Notable differences have been found between the specteader approached the ground. Kong et al. (2008) suggested
features over Qinghai Plateau and the region of Guangddhgt positive CG lightning can be produced by branching of
(Yuan et al., 2002). The spectral energy is concentratedtire in-cloud discharge channels, probably when these chan-
the band of relatively short wavelength in Guangdong, whiteels occur near or below the cloud base.
it is in the band of longer wavelength in Qinghai, indicat- Using data from the Lightning Mapping Array (LMA),
ing the discharge energy and channel temperature is higdbang et al. (2006a) analyzed the 3D spatial and temporal
in Guangdong. In Guangdong area, the transitions betwakvelopment of positive CG lightning discharges. The ttssul
exited states afi = 3 in NIl ions were the main compositionsindicated that a positive CG flash could be divided into three
of lightning spectra, corresponding to upper excited epergtages. The first stage was the discharge process in cloud
of around 23 eV, and lines with higher exited energy (30 eWith a long duration preceding the return stroke. This pro-
from NIl and Oll ions could be recorded. On the other handgss propagated at a velocity of®1® s, and produced
the spectra over the plateau area were relatively weak, anténsive radiation with a magnitude equal to that of the-neg
the transitions from natural NI and Ol atoms were strongtive leader. During this stage, the lightning channels de-
with the upper excited energies being around 13-14 eV. veloped horizontally in the positive charge region with ésw
Wang et al. (2009b) showed that the spectra of IC flashi@smnches as the negative polarity breakdown. During the
demonstrate two different kinds of structural charactiess stage after the return stroke, the lightning channels propa
One had a similar structure to that of a CG flash dischargmted at a velocity of two times faster than that before the re
characterized by the lines of 500.5 and 568.0 nm being then stroke. This stage involved many positive fast impsilse
strongest. The other was completely different, with thesin and corresponded to the continuing current process produc-
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ing less and dispersed radiation points and more intenaive parameters of NBEs radiation waveforms. They found the
diation power. During the final stage, the lightning chasneNBEs occurred at a height ranging from 7 km to 16 km with
developed at a velocity equal to that before the return strok peak power ranging from 12 kW up to 781 kW in the 267—
and the radiation points appeared mainly at the end of ch&73 MHz passband.
nel. All of the radiation points of the positive CG flash ap- Zhu et al. (2010b) introduced a direct technique to mea-
peared in the positive charge region of the cloud. Little @r rsure the time taken by the current front to propagate aloag th
radiation was detected during the positive leader justieefahannel from distant radiation field pulses of the NBE on the
the return stroke. basis of the transmission-line model, which involved inédg
Qie et al. (2013) analyzed 185 positive CG flashes coimg over the initial half-cycle of the narrow bipolar wavefio
taining 196 return strokes in Da Hinggan Ling forest regioof the NBE. The ratio of the integral result to the initial gea
(50.4N, 124.TE) of northeastern China documented witmplitude made a good approximation to the time taken by
a multi-station network of fast and slow antennas. It wake current front to travel along the channel.
found that 71.9% of the positive CG flashes contained cop- . . . .
tinuing current, but the average duration of continuing Cu?.?. Tall structures-related lightning and lightning attach-
rent was short with a GM value of 16.7 ms, because of the ment process
small size of the storm cell in this relatively high latitude Tall structures are usually used for lightning studies be-
gion. According to the electric field waveforms indicativéause of the high lightning incidence probability. Reagntl
(or not indicative) of IC discharge, positive CG flashes catigh-speed video cameras have been used to observe the at-
be classified into four types, i.e., ordinary positive CGHlagachment process of lightning to tall structures with ety
(63.8%), hybrid positive CG-IC flash (21.1%), hybrid 1Chigh spatial and temporal resolution. Using high-speed im-
positive CG flash (5.4%), and hybrid IC-positive CG-IC flashges of two natural downward flashes struck on two tall struc-
(9.7%). About 15.1% of the recorded positive CG flashddres in Guangzhou, Lu et al. (2012) analyzed 45 uncon-

were byproduct of IC lightning discharge. nected upward leaders (UULs) occurred in 19 downward neg-
_ ative flashes. Each observed UUL was initiated by a down-
2.6. Narrow bipolar events ward stepped leader before a new strike point was struck. The

Narrow bipolar event (NBE) is a type of lightning dis-maximum distances for the downward leaders to attract the

charge event. It is markedly different from regular CG andULs with inception heights from 100 to 200 m, 200 to 300
IC lightning in many respects. An NBE is associated witf, and over 400 m were approximately 350 m, 450 m, and
strong radio frequency emissions and narrow bipolar wavg00 m, respectively.
forms (Zhu et al., 2007, 2010a). The 3D propagation of Lu etal. (2013) recorded a downward negative lightning
NBEs was observed for the first time in China by Zhang et dlash that terminated at a 440 m high building. The attach-
(2010). The NBE channels originated at an altitude.df0.5 ment process in this flash exhibited an unexpected behavior
km in the upper positive-charge region and extended horizdh that the downward leader tip connected to the lateral sur-
tally all around. The source power of an NBE can approaékce of the similar to 400 m upward connecting leader (UCL)
16.7 kW, which is much greater than that of normal lightningelow its tip. It appears that the effect of the downward é&ad
discharge, which ranges between 100 mW and 500 W. T# the UCL was significant, while the effect of the UCL on
vertical scale of NBEs found by Liu et al. (2012) was in théhe downward leader was negligible, except for the final 80
range of 0.40—1.9 km, with an average speed 446 10°to 1S preceding the beginning of the first return stroke. The ra-
10x108msi tio of speeds of the downward leader and the UCL tends to
Negative NBEs produce larger electric field changes éigcrease with time, ranging from 1.8 to 0.12.
average and are more isolated from other discharge pracesseJiang et al. (2014b) studied the lightning flashes strik-
compared to positive NBEs (Wu et al., 2011). Wu et alng at a 325-m-tall meteorology tower in Beijing. Among
(2012) found that the positive NBEs occur between the ma#ight upward lightning flashes documented during two thun-
negative charge layer and the upper positive charge laydgrstorms, four were self-initiated events without lightn
while negative NBEs occur between the upper positive char@glivity nearby prior to their initiation, two were trigget
layer and the negative screening charge layer at the clqud tBy the nearby positive CG with the initiation of the upward
Li1 et al. (2013) found that the NBE occurrence at 51 degreégders from the tower lagged 0.4 ms and 5 ms behind, re-
N appeared to differ significantly from that in most lower latspectively, and the remaining two were triggered by nearby
itude regions. Specifically, no NBEs with negative electritC lightning activities. The average 2-D speed of the upward
field pulses (positive charge moving up) were observed. Positive leader was.@ x 10° m s~ within several hundred
Wang et al. (2012) documented 236 NBEs in Shandoftgters above the tower tip.
province. Of between, 32 occurred in isolation and 204 oc-

curred in association with either IC or CG lightning dis3,  Rocket-triggered lightning and the physical
charges. Among the latter, 130 appeared to initiate ligigtni processes of discharge
discharges, while 72 embedded in lightning discharges and

the remaining 2 terminated the lightning discharges. No ap- A common technique for triggering lightning with this
parent difference among all types NBEs was found on tieethod involves launching a small rocket trailing a thin,
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grounded copper wire toward the charged cloud overheadgced voltage on a vertical 10 m signal line was 3.10 kV. The
and is called classical triggering. In the altitude trigggr triggered-lightning technique was also used to test theadet
technique, the rocket usually spools out 50—-100 m of instien efficiency and location precision of Guangdong lighni
lating Nylon followed by several hundred meters of coppdwcation system (LLS) in Guangdong. It was explored that the
wire. The electric field at the ground is usually used as a réftS yielded detection efficiency and location error of 92%
erence to launch a rocket for triggering lightning, althbugand 760 m, respectively, for triggered flashes. For RSs of the
the electric field aloft is more indicative (Qie et al., 1994}riggered lightning, the peak currents given by the LLS devi
but hard to measure. The surface electric field is usually &ted from those measured at the base of the lightning channel
10 kV m~1 when lightning is triggered successfully. Oveby 16% on average.
100 lightning flashes have been triggered with classicalora Yang et al. (2008a) developed a magnetic field measur-
titude triggering techniques in several regions of Chimaei ing system with two rectangular loops perpendicular to each
then, including Gansu, Beijing, Jiangxi, Shanghai, Guangther, with which the total horizontal magnetic field proddc
dong, the Tibetan Plateau and Shandong from 1989 to 20y lightning discharges was detected. The magnetic fields at
A new model rocket, made of composite material and asse@® m, based on 32 return strokes, varied from 18 mT to 148
bled with a parachute, was newly developed and utilized sunT with a GM of 52 mT (Yang et al., 2010). By using Am-
cessfully in recent experiments (Qie et al., 2010). Moshef t pere’s law of magnetic fields, the currents were inferredhfro
results in the last decade are outlined below. the measured magnetic fields, which were in good agreement
o ] ] with the directly measured current at the base of the digghar
3.1. Characterization of lightning currents and the close channel. The system proved to be a useful tool for current

EM field retrieval and measurement of the close EM environment of
The most serious lightning-induced damage is usualightning flashes (Yang et al., 2008a, 2010).
caused by close lightning discharges. Rocket-triggedd-li Zhang et al. (2003c) studied the statistical characteris-

ning provides a unique opportunity for measuring the ditics of the leaders in five altitude triggered negative light
charge current and close EM fields, which are essential fung discharges in Guangdong in 1998. Thdeld change
both understanding the physics of lightning and the designat close distance was characterized by negative discantsu
lightning protection systems. oscillating pulses superimposed on slow positive change du

The Shandong Atrtificially Triggering Lightning Exper-ing the stable propagation stage of the bidirectional leade
iment (SHATLE) started from 2005 in Binzhou, Shandonljleanwhile, theE field change at far distance began with
Province (Qie et al., 2007; Zhang et al., 2006; 2007b). Zhabgpolar pulses followed by unipolar pulses. Zhang et al.
et al. (2009a) and Zhao et al. (2009a) studied the curr€@0l1la) employed two existing models, a “source charge”
waveform characteristics and corresponding cléséield leader model and a return-stroke model of the modified trans-
change during SHATLE. The whole discharge process of aflission line model with linear current decay with height
triggered flashes lasted from 518 ms to 1900 ms. The GIMMITLL), both based on the assumption of uniform leader
value of the current peak was 12.1 kA (Qie et al., 2014aharge distribution along the channel, to simulate the &fgh
Other current parameters are given in Table 1. Ehiéeld structural characteristics of the close dart leader/neftnoke
changes produced by the dart leader/return stroke secgieriiedd change. They suggested that at the early stage there
appeared as V-shape pulses at 60 m, and the distende-( was often some uncertainty regarding whether the charge de-
pendence of the dart leadgrfield change was~ 11 (Qie et posited by the dart leader was completely neutralized by the
al., 2009a; Zhang et al., 2009b). following return-stroke process.

The Guangdong Comprehensive Observation Experiment ] o ] )
on Lightning Discharge (GCOELD) started from 2006 irp-2- I:_)|scharge processes and new insights into the posi-
Conghua, Guangdong. For the triggered lightning from  tive leader
2006-2011 (zZhang et al., 2014e), the peak current of the re- The high-speed camera has become an important tool in
turn strokes ranged from 6.67 to 31.93 kA with a GM value dfiggered lightning research. Using a high-speed camesra sy
15.9 kA. The maximum induced voltage generated by retutem and two electric field antenna systems, Lu et al. (2008b)
strokes on the overhead power line (1200 m in length addcumented the initial processes of an altitude-triggaezd
2 m above the ground) exceeded 10 kV. The maximum iative lightning event. The discharge began with the incep-

Table 1. Current waveform parameters based on SHATLE 2005-11.

. . Sample - . Arithmetic ~ Standard  Geometric ~ Standard deviation
Experiment site size Minimum  Maximum mean deviation mean I8)]
Peak (kA) 36 4.4 41.6 14.3 9.2 12.1 0.23
10%-90% risetimey(s) 36 0.2 8.4 2.0 2.1 1.9 0.47
Half-peak width (1s) 36 1 68 23.7 171 14.8 0.52

Charge transfer within 1 ms (C) 36 0.18 4.2 11 0.76 0.86 0.31
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tion and propagation of an upward positive leader and theammon lower portion existed simultaneously in the upper
a bidirectional leader process. The 2D propagation speedaft of the discharge channel. Zhang et al. (2011b) used the
the upward positive leader in its inception phase was abdwb-wave model, proposed by Rakov et al. (1995), to reveal
3.8x 10*t0 55 x 10* m s~ from about 393 to 452 m abovethat the speed of thil-component essentially controlled the
the ground. The stable downward negative leader began atékectric field but had little effect on the magnetic field. A
tip of the unstable one, with a 2D propagation speed of abdatger reflection coefficient resulted in a larger magnegifi
1.9x 10° m s 1. Wang et al. (2012b) and Jiang et al. (2013d)ut a smaller electric field. Jiang et al. (2013b) proposed a
found that the positive leader in the initial stage of theselamodified model based on Rakov’s two-wave theory and con-
sical triggered lightning shows a similar stepped manner fifmed that the evolution d¥1-component through the light-
propagation to that of the negative leader. The induced st@pg channel involves a downward wave transferring negativ
length varies from 0.9 m to 3.7 m with a geometrical mearharge from the upper to the lower channel and an upward
value of 1.7 m. wave draining the charge transported by the downward wave.
Yang et al. (2009) analyzed the initial discharge stagesfie upward wave serves to deplete the negative charge by the
two triggered flashes on the basis of the synchronous ddtavnward wave at its interface and makes the charge density
of the current and close EM field. Lu et al. (2009) doosf the channel beneath the interface layer to be roughly. zero
umented the initial processes of an altitude-triggerecaneg
tive lightning event. The discharge began with the incep-
tion and propagation of an upward positive leader, then dn Thunderstorm electricity on the Tibetan
almost simultaneous propagation of both the upward pesitiv  Plateau and its surrounding areas
leader and downward negative leader followed, known as the
bidirectional leader process. The 2D propagation speed of The Tibetan Plateau is the largest and highest area in the
the upward positive leader in its inception phase was abd¥Rrld, with an average elevation exceeding 4000 m. Thun-
38x 10 to 55x 10* m sL. The stable downward neg_derstorms occur frequently in the summer season over the
ative leader propagated with a 2D speed of approximatérI'gPetan Plateau because of its unique dynamic and thermo-
1.9x 10° m s'L. The average step length was about 3 nlynamic effects. In the summers of 2003-05, comprehensive
and the time interval between steps varied frops8o 31us observations on thunderstorm electricity were conducted o
with a mean value of 1§s. the Tibetan Plateau and Chinese inland plateau regions (Qie
Dong et al. (2001) observed the weak VHF radiation &t al., 2009b).
the positive leader at a close distance during a triggerst fl
using a broadband interferometer. The speed of the upwar
positive leader was on the order of*10 1 m s L. In clas-
sical triggered negative flashes, the speed of upward pesiti  Thunderstorm electricity has been examined experimen-
leaders ranged from 85 x 10°t0 7.71x 1 ms L. tally in a number of studies across four different plateau re
_ ] _gions, including Nagqu located in the central Tibetan Rlate
3.3. M-components with peak current in the range of kilo- (31°29N, 92°03E; 4508 m MSL), Datong on the Qinghai
amperes Plateau (3704N, 101°35E; 2560 m MSL), and Zhongchuan
Large M-components with peak current in the range d86°36'N, 10339E; 1970 m MSL) and Pingliang (357N,
kilo-amperes were found in a rocket-triggered negativenflas06>°69E; 1630 m MSL) in Gansu Province on the Chinese
in SHATLE 2009 (Jiang et al., 2011). Among the 31 distindhland plateau.
current pulses, there were five lafglecomponents with un- Qie et al. (2003c, 2005b) found that thunderstorms, usu-
usually large peak current in the range of kilo-amperes. Thly of small scale and short duration, occurred frequently
GM value of peak current for the five lardé-components in these plateau regions in the monsoon season. Hailstones
was 5.1 kA, the half peak width was 7613, and the rise with diameter less than 1 cm were usually observed with du-
time from the 10% to 90% peak was 3416, while the cor- ration shorter than 10 min during thunderstorms. Sometimes
responding values for the 18 typiddlcomponents were 243 more than one thunderstorm process was observed during a
A, 400 us and 319us, respectively. The waveform paramsingle thunderstorm day. However, the lightning activigsw
eters of the return stroke and typiddlcomponent were in weaker compared with that in other prominent lower regions.
good agreement with those found in previous triggereddightising the Lightning Imaging Sensor/Optical Transient De-
ning (Yang et al., 2010; Zhao et al., 2011). THdike events tector (LIS/OTD) data from 1995 to 2002, Qie et al. (2004)
were superimposed on a slowly-varying continuing currerand Zhang et al. (2004) found that the mean total flash den-
while the directly measured current prior to the stroke wasty over the Tibetan Plateau was 3-5 flashes ym—2, that
not significant. One strokif-component (RM) event thatflash activity exhibited a seasonal variation and mainly oc-
exhibited both stroke an-component features was alsaurred from June to August with a maximum lightning ac-
found in the same flash (Qie et al., 2011). The simultantivity period from late June to mid-July, and that the didrna
ouskE field and current waveform of RM implied a superpovariation peak appeared from 1400 to 1600 Local Standard
sition of the dart leader and incident wave in the channel. Time (LST).
The proposed possible reason was that two branches with aAccording to the polarity of the surfa¢efield, Qie et al.

&- Thunderstorm electricity in four different plateau re-
gions of China
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(2009b) divided thunderstorms in the four regions into twegion, four thunderstorms produced no CG flashes. The per-
categories. (1) Special-type: The surf&&eld underneath centage of CG flashes ranged from 1.88% to 76% for the
the thunderstorms had the same polarity as the clear sky, iather 18 thunderstorms, only in 6 cases the percentage of CG
the surface electric field was controlled by positive charge total flash number was larger than 50%, and 15 cases were
inside the thunderstorms (defined as positive, as mentiomajative CG-dominated. Only three of the cases were mainly
above). Zhang et al. (2004a) and Qie et al. (2005b) suggegpeditive CG flashes and one of them occurred on 13 August
that this kind of thunderstorm is characterized by an unus2903, which seemed to be the strongest thunderstorm in the
tripole charge structure with a larger-than-usual lowesipo central Tibetan Plateau during the 2-year observatiorogeri
tive charge center (LPCC) at the base of the thunderstormmd produced 50 CG flashes with 49 being positive (Qie et
and usually the thunderstorm is characterized by IC flasheds 2009b).
that occur mostly in the lower dipole. (2) Normal-type: _
The surfaceE field was negative when the thunderstornf-2- C_harge structure of thunderstorms in the plateau re-
were overhead, consistent with the normal thunderstormsob ~ 9'0NS
served in the other prominent lower altitude regions during Multi-station measurements on theé field changes
the summer season. This kind of thunderstorm also showeised by lightning discharges is an effective way to esti-
a tripole charge structure, but the LPCC was weaker than thate the charge centers inside thunderstorms. Point-eharg
former. and point-dipole models are usually used to analyze the neu-
The characteristics of the surfaedield of thunderstorms tralized charge centers for CG and IC flashes, respectively.
in the four plateau regions were similar to each other, babr thunderstorms with a larger LPCC, it was found that
the percentage occurrence of the two types of thunderstdinflashes were usually polarity-inverted and occurred be-
was different (Qie et al., 2009b; Zhang et al., 2009d). Tawveen the main negative charge center and the LPCC (Qie
ble 2 shows statistical results for the two types of thundest al., 2000b). Zhang et al. (2004a) and Qie et al. (2005b)
storm in the four regions. The percentage of special-typderred the electric charge structure of thunderstornts an
thunderstorms increased with the altitude of the regiore Tthe characteristics of lightning discharges at the ingtalge
special-type thunderstorms represented around 73%, 6@¥thunderstorms using VHF location techniques aniield
54% and 46% of the total in Nagqu, Datong, Zhongchuahanges in the Nagqu region. They found that most of the
and Pingliang, respectively. The flash rate in the four platelC flashes were polarity-inverted and occurred between the
regions was quite low compared with that in other low althegative charge region in the middle and the positive charge
tude regions. Zhang et al. (2010) found that the flash ratgion at the bottom of the thunderstorm, suggesting the-thu
of special-type thunderstorms was slightly larger than dfia derstorms might have had a tripole charge structure. Re-
normal-type ones in the plateau regions. cently, based on 3D localization of wideband electric field
In different stages of the thunderstorm, the surfadeld change pulses, Li et al. (2013) analyzed the charge struc-
changes and lightning discharge types can be differenteQidure of a thunderstorm in Qinghai Province, China. They
al. (2005a) found that, in the mature stage of a thunderstofound an inverted dipole charge structure at the developmen
at Datong, most IC flashes occurred between the LPCC aarttl mature stage of the thunderstorm, with four charge lay-
the main negative charge center aloft, and CG flashes wers (positive—negative—positive—negative) at the digsip
rare in this stage. In the later stage, a weakened LPCC plagtabe, at heights of 5.0, 4.0, 3.0, and 1.8 km, respectively.
a dominant role in the initiation of negative CG flash dis- The existence of a middle negative charge and large
charge (Qie et al., 2005b). According to the type of predorhPCC over the Chinese inland plateau and Tibetan Plateau
inant flashes associated with the thunderstorm, Zhang etislwidely recognized and accepted. However, evidence of up-
(2009d) found that special-type thunderstorms over the Cher positive charge in storms was not found until 2008. Using
nese inland plateau can be divided into three types: (1) I@ata fromE field changes from a seven-site network of slow
dominated: no occurrence of CG flashes; (2) negative C@&atennas synchronized by a Global Position System (GPS)
dominated> 50% of CG flashes were negative; and (3) posvith a 1 us time resolution in the region of Zhongchuan, Cui
itive CG-dominated: the dominant CG flashes were positivet al. (2009) found that the upper dipole was also a source
Among 22 cases of special-type thunderstorms in the NagofulC flashes. Among 10 IC flashes, five occurred between

Table 2. Statistical results of two types of thunderstorm in fourioeg.

Special-type Normal-type
Region Altitude (m) Storm Case Percentage flaghirlate Case Percentage flgsﬁlrate
sample (min™) (min™)
Nagqu (3229.0'N, 9203.0'E) 4500 30 22 73% .2+0.26 8 27% 065+0.22
Datong (373.8'N, 101°34.9'E) 2550 10 6 60% B+0.37 4 40% 082+0.15
Zhongchuan (3836.2'N, 10339.3'E) 1970 11 6 54% 2+131 5 46% 07+0.32
Pingliang (3857.0'N, 106 69.0’E) 1630 13 6 46% / 7 54% /
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the upper dipole and the other five between the lower. Thewn processes during the long IC discharge process through
heights of IC discharge moments were located between 8\&-station measurements of a wideband slow antenna sys-
and 5.6 km MSL for the lower five IC flashes and between 6t8m in the Zhongchuan region, and found that the K pro-
and 7.7 km MSL for the upper five, respectively. Analyzingesses occurred in the lower part of the storm. It was found
16 negative CG and 2 positive CG flashes in Datong, Zhandleat both positive CG and negative CG flashes usually fol-
al. (2009c) respectively found that the negative chargmreglowed long lasting IC discharge processes with a duration
was located at a height of 5.5-8.0 km MSL (mostly arouraf 170-300 ms, and K-type breakdown processes during ini-
6.5 km MSL) and the positive charge height was around &ial IC discharge started from the negative charge regiah an
km MSL, indicating that the charge structure of speciaktypropagated downward to the LPCC with an average speed of
storms could be basically represented by a tripole stractur5 x 10’ m s 1. Wang et al. (2009a) also found that the ini-
but with a larger-than-usual LPCC. The height range of tlial discharge of IC flashes developed from the middle nega-
main negative charge region is in good agreement with ttiee charge region to the LPCC based on the location of pulses
result given by Qie et al. (2000a). from a seven-station network of fast antennas.

In situ E field measurement is a direct and effective Long IC discharges just before negative CG flashes were
method to determine more accurately the charge structureafso found in Datong, with an average altitude of about 2650
side thunderstorms. A balloon-boriefield sounding sys- m MSL. On the basis of slow antenna and high-speed dig-
tem, based on the principle of point discharge, was déal camera observation data, Qie et al. (2005a) found that
signed by Zhao et al. (2009b). The fifstfield profile in- long-duration IC processes occurred just before the steppe
side a special-type thunderstorm was obtained in the reffiorleader/return stroke sequence. One such IC dischargegsroce
Pingliang. There were four charge regions with three laydested approximately 160 ms and occurred in the lower part
inside the storm and one at the lower boundary of the storaf.the cloud with the lowest point at around 1.7 km above
The LPCC region was between 4.5 and 5.3 km MSL (corrthe ground. Zhang et al. (2003a) found that the prelimi-
sponding to a temperature region 6£33to —2°C). The main nary discharge showed a bi-layer structure, by using ashort
negative charge layer was between 5.4 and 6.6 k3 C baseline lightning VHF pulse location system with the TOA
to —10°C). The upper positive charge layer was located btechnique. Using LMA data, Zhang et al. (2009f) also found
tween 6.7 and 7.2 km—<11°C to —14°C), and a negative that the preliminary breakdown process with longer duratio
screening charge layer was also detected at the lower boutimie in negative CG discharges was an IC discharge process.
ary of the thunderstorm. These observational results con- A large LPCC may play an important role in longer pre-
firmed that thunderstorms in the plateau regions are usudityinary breakdown processes. However, from one case of
characterized by a tripole charge structure with a largant typical thunderstorms on the central Tibetan Plateau (4508
usual LPCC. MSL), Qie et al. (2005b) found the existence of the LPCC did

A 3D thunderstorm model coupled with dynamical andot cause positive CG flashes, and only negative CG flashes
electrical processes has been developed for theoretiaid stvere observed in the late stage of the thunderstorm. The
ies on the spatial and temporal evolution of charge strectuquite large LPCC prevented negative CG flashes from oc-
in the plateau regions (Guo et al., 2003, 2007). It was fourdrring because abundant lower positive charges could make
that the lower maximum disturbing central potential tempelC discharges between the lower dipole possible. In the late
ature, the reversal temperature and relative humidity & thtage of the storm, when the LPCC decreased greatly with
middle layer were key parameters for the formation of thte fall down of the most positive charge carriers (rainipart
charge structure. The simulation results by using realdeourtles and graupel or hail) to the ground, negative CG flashes
ing data indicated that both types of thunderstorms apdeaoauld be triggered frequently by the LPCC. This suggests tha
to begin with the lower dipole of a normal tripole structurea weak LPCC is conducive to the occurrence of negative CG
rather than with the upper dipole followed by the develoflashes, while a large LPCC is conducive to polarity-inveirte
ment of a weaker lower positive charge region. IC flashes or negative CG flashes with longer preliminary dis-
4.3. Initial discharge processes of lightning flashes charge.

The characteristics of the preliminary breakdown process
involved in CG flashes are dissimilar in different geograpty,  Lightning activities associated with severe
ical areas, which may be associated with the charge struc- ¢gonvective weather
ture of thunderstorms. Due to the special charge structure
inside the plateau’s thunderstorms with a larger-thareusu Severe convective weather, such as hailstorms, mesoscale
LPCC, negative CG flashes usually proceed with a long pmenvective systems (MCSs) and so on, generally produces
liminary breakdown process lasting several hundreds of milot only heavy precipitation, damaging wind and hailstone,
liseconds, similar to IC discharges (Qie et al., 2000a; Koroyit also lightning discharges which sometimes cause seriou
et al., 2006). Qie et al. (2000b) found that the K-type brealamage. The lightning activity and its relationship with dy
down process could occur during the preliminary breakdovmamic processes and precipitation structure in severeecenv
process, which they named as IC discharges. Using the tirtiee weather systems has been studied in the last decad® base
of-arrival (TOA) method, they investigated the K-type beea on data from CG lightning location networks, SAFIR3000
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lightning data, Doppler radar, meteorological satellitmsd into the 3D lightning structure and evolution of a leading-
Tropical Rainfall Measuring Mission (TRMM)-based senline and trailing-stratiform (LLTS) MCS over Beijing (Liu
sors. et al., 2011; 2013b). Most of the lightning in the LLTS-
] ] S MCS was IC lightning. Using CG location data, Feng et al.

5.1. Lightning characteristics in different thunderstorms (2006b) and Liu et al. (2008) also found that almost all the

Lightning is an indicator of vigorous convection. TheCG flashes were negative in the first developing stage, and
lightning activities in different kinds of thunderstormsch the CG flash rate was high (more than 10 minand neg-
as hailstorms, MCSs, and squall lines have been studiedative CG flashes were predominant during the mature stage
China. Feng et al. (2006a, 2007, 2008) and Liu et al. (2008f)the MCS. The CG flash rate declined rapidly with the in-
found that hailstorms usually presented higher ratio of pasrease of the positive CG flash ratio in the dissipating stage
itive CG flashes during periods of hail fall in Shandon@he majority of CG lightning occurred in the convective re-
Province. The positive CG flashes represented more ttgion of the radar echo, particularly at the leading edge of
about 45% of total CG flashes, which was much higher th#ime front. Little IC and positive CG lightning occurred in
the climatic mean value (12.5%) in the region. The fallinthe stratiform region. During the storm’s development, mos
of hail was often reported in the region of dense positive C& the IC lightning occurred at an altitude of around 9.5 km
flashes. Sometimes, hailstones appeared slightly on the rigbove the ground and the IC lightning rate reached its max-
flank of the dense CG flash region. There was a distinct G@um at 10.5 km above the ground, in the mature stage of
flash rate increase in hailstorms during the period of fast dbe storm. When the thunderstorm began to dissipate, the al-
velopment, while a rapid reduction in the CG flash rate otitude of the IC lightning decreased gradually. The spatial
curred in the dissipating stage. The hail fall corresportdeddistribution of lightning was well correlated to the raitfan
an active positive flash period, and the increase of the pasie ground, although the peak value of rainfall appeared 75
tive CG flash rate was generally accompanied by a decreasie after the peak lightning rate (Liu et al., 2011). Convec-
of the negative CG flash rate. The peak negative CG flasie region of the LLTS could be characterized by a tripole
rate usually occurred 0—20 min earlier than hailstone fatlharge structure with a negative charge region in middle or
but the peak positive CG flash rate usually appeared at thenulti-layer charge structure with three layers of positiv
time of or after the advent of hail fall. When the polaritiesharge and a two-layer negative charge region in between
of CG flashes changed, it often indicated the advent of sevérau et al., 2013a, b).
weather such as hail fall, damaging wind and heavy preeipita Feng et al. (2009) studied a typical squall line system with
tion. Both the ratio of IC to CG flashes and IC flash density ilamaging wind and hailstones causing great economic loss.
hailstorms were much larger than those in common thund#rwas shown that positive CG flashes accounted for 54.7% of
storms. Most positive CG flashes usually occurred in or ndatal CG flashes. During the initial developing stage, the CG
the strong echo regions in hailstorms, but the CG flash ddtash rate was less than 0.5 minand most of the CG flashes
sity or CG flash rate were usually lower than those in convere positive. It increased significantly, up to 4.5 min
mon thunderstorms due to higher cloud top and frequent #bng with the rapid development of the squall line, and the
flashes. percentage of positive CG to total CG was more than 75%

Zheng et al. (2009) analyzed the characteristics of tkdering this period. The CG flash rate began to decrease but
lightning activity and electrical structure of a hailstornthe percentage of negative CG flashes to the total increased
in Beijing by using total lightning information from thegradually and exceeded that of positive CG during the mature
SAFIR3000 3D lightning location system. The results indand dissipating stages. positive CG flashes tended to occur
cated that the peak of the lightning rate came about five mion the right flank and negative ones on the left flank. Strong
utes prior to hail fall. Only 6.2% of the total lightning wa§&C wind at the surface occurred in or near the regions with dense
flashes, among which 20% were positive. In the stage of hpdsitive CG flashes. Almost all positive CG flashes occurred
fall, the electrical structure of the hailstorm was invdrt@ith near the strong radar echo regions and in the front partgof th
the main negative charge region located around-td€&°C squall line. However, the negative CG flashes almost exclu-
level and the main positive charge region around-#1&°C  sively occurred in the regions with weak and uniform radar
level. In addition, a weak negative charge region briefly eechoes. The total flash rate in the storm was very high, up to
isted below the positive charge region. After the hail falll36 min 1, and the ratio of IC to CG flashes was 35:1. The
the electrical structure underwent fast and persistents&dj CG distribution features in the squall line were obviousfy d
ments and became a normal tripole structure. The lightnifegent from those of ordinary MCSs.
activity and electrical structure were closely relateddy- Zhang et al. (2006b) found that the charge structures in
namic and microphysical processes of the hailstorm. It wi®e main part (convective region) of two supercell thunder-
believed that severe storms with stronger updrafts wer@mgatorms were the inverted tripole type. The positive CG flash
conducive to an inverted tripolar electrical structurethar- discharges occurred in the main part of the thunderstorghs an
mal thunderstorms, and the inverted distribution couldtheriginated from the positive charge region located in thd-mi
facilitate more +CC lightning in the severe storms. dle part of the thunderstorms, while the negative CG flash

Data from the Beijing SAFIR 3000 lightning detectiordischarges occurred in the anvil of the thunderstorm. The
system and Doppler radar have also provided some insigbl&rge structure was the inverted dipole type in the anvil re
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gion due to the slant of the charge structure in the main registead just behind and close to the main updraft. Negative CG
toward the anvil region. The negative charge region locatedflashes usually clustered in the intense echalQ dBZ) re-

the upper part of the anvil produced many negative CG flaglon and their duration coincided with the strong convettio
discharges. which suggested that negative CG flashes could be used to in-

Pan et al. (2009) examined the spatial and temporal diieate the strong convective region. Yuan and Qie (2010) als
tribution of lightning in seven typhoons over the Northwegbund that, for a squall line system, most lightning flashes o
Pacific using data from World Wide Lightning Location Neteurred in the region of low brightness temperature, espigcia
work (WWLLN). They found three distinct flash activity re-the region of lower than 200 K, and a few flashes could also
gions in mature typhoons, a weak maximum in the eyewdlé observed in the region of 240-260 K, which usually cor-
regions (20—-80 km from the center), a minimum betweersponded to the stratiform region of the squall line.

80 and 200 km from the center, and a strong maximum in ) ) ) ) ) o
the outer rainbands<200 km radius). The lightning in the 9-3- Relationship of lightning with the precipitation struc-
outer rainbands was greater in frequency than that in the in-  ture of the thunderstorm
ner rainbands, and less than 1% of flashes occurred within Feng et al. (2007) found that the probability of lightning
100 km of the center. Few lightning flashes occurred near tbecurrence was 20 times higher in the convective region than
center after landfall. Each typhoon produced eyewall lighin the stratiform region on the basis of TRMM data. The con-
ning outbreaks during its intensification period and befbee vective rain contributed much more rainfall to the totalrtha
maximum intensity, indicating that lightning activity nkig stratiform rain, and the convective rain represented nfae t
be used as an indicator of typhoon intensity change. Zha®%s of the total in two hailstorms. The results suggested tha
etal. (2012e), using the CG location data, also confirmex tithe vertical distribution of cloud water content, cloud vea-
kind of lightning distribution in Typhoon. Pan et al. (2014jer content and precipitation-sized ice content are hétpfu
studied lightning in 69 tropical cyclones over Northwest Pgudge the developing stage and to nowcast the weather sys-
cific, and found that in more than half of the weak (Categotgm’s evolution. A linear relationship between flash ratd an
1-3) and strong (Category 4-5) typhoons, the peak valueiod water content was obtained, and its correlation coeffici
lightning usually occurred before the maximum wind speesias about 0.69. Most lightning flashes corresponded to re-
was attained. gions with updraft at 5 km MSL, and the intensity of updrafts

) ) ) ) ) ) at 5 km MSL could be used as an indicator of lightning activ-
5.2. Relationship of lightning with dynamical processes ity.

Liu et al. (2009) found that most flashes of hailstorms Yuan and Qie (2010) investigated lightning activity and
occurred in the region with temperature lower tha#i0°C, its relationship with precipitation structure for a strasygiall
while dense positive CG flashes occurred in the region e over South China using TRMM satellite data. The re-
tween —40°C and —50°C. Negative CG flashes occurredsults showed that most lightning flashes occurred near the
mostly in the relatively weak radar echo region, and pasitistrong convective region, and a few flashes occurred in the
CG flashes were distributed in the strong echo region, esg&atiform region of the squall line. There was a strong re-
cially with a large gradient of echo intensity. The CG flashdationship between flash rate and ice precipitation content
tended to occur in the cloud region with reflectivity betweeat 7—11 km MSL at the convective cell scale, and the cor-
25 and 35 dR&. relation coefficient was 0.92. Yuan and Qie (2008) stud-

For the case of an MCS, Feng et al. (2006b) found thigd the lightning activity and precipitation charactddst
negative CG flashes mainly occurred in the region with terduring the South China Sea summer monsoon season, and
perature lower thar-50°C and a high temperature gradienfound that when maximum radar reflectivity at 7 km MSL
in the front of the MCS, especially in cloud with temperareached 36 dB, the probability of lightning occurrence was
ture lower than—60°C, but there were few CG flashes irb0% in the pre-monsoon season, and increased to 28 dB
the region with temperature higher tha80°C. The relation- in the monsoon season. The flash rate of precipitation sys-
ship between positive CG and negative CG flash number ardhs could be expressed as a function of maximum storm top
cloud top brightness temperature could be fitted prefetaply height, maximum snow depth and minimum polarization cor-
a three-power polynomial distribution. According to the apected temperatures (PCTs). Among those, the most stable
pearance of peak values, the hourly flash rate lagged behivas the relationship between flash rate and maximum snow
minimum brightness temperature and the area of cold cloddpth.
shield with temperature: —45°C lagged behind the hourly o ) ) o
flash rate. The cloud top continued to extend horizontafyy4: Assimilation of lightning data and application in
shortly after the CG flash rate reached its maximum. Down- MCS
burst and damaging winds were possibly produced when that With the accumulation of high quality lightning location
the bow echo was associated with the jump in the CG fladhta, lightning data assimilation has become an impor&nt r
rate. search topic. Recently, Qie et al. (2014b) established @mpi

Feng et al. (2009) found that dense positive CG flasheal relations between total lightning flash rate and the &re p
usually corresponded to updraft regions of the squall liriiele (graupel, ice, and snow) mixing ratio. The constrdcte
system, and did not occur in the core of the updraft, but inudging functions were applied in a MCS simulation with
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the Weather Research and Forecasting (WRF) model. Thajnfall obtained from meteorological reanalysis dataever
found that the representation of convection was signiflganbroadly consistent with the observed seasonal cycle of-ligh
improved one hour after the total lightning data assinolati ning on the Tibetan Plateau. However, there was more light-
even during the assimilation period. The precipitation-cening in spring than one might expect from a simple relation-
ter, amount, and coverage were all much closer to the aip with rainfall, temperature or cloud buoyancy. The diou
servation in the sensitivity run with lightning data asdani buoyancy and rainfall showed a better seasonal relatipnshi
tion than in the control run without lightning data assimilawhen they were multiplied by the ratio of the sensible to la-
tion. This simple and computationally inexpensive assimiltent heat flux (the Bowen ratio). This suggested that sensi-
tion technique showed promising results and could be uselfile heat flux plays an important role, at least on the Tibetan
when the event is characterized by moderate to intense lightateau, in modifying the efficiency of generating lightpin
ning activity, especially in the region where radar dataris ufrom cloud buoyancy.
available, for example in mountainous regions and over the ) o
oceans. 6.2. Lightning-induced NOx
The chemical processes in the troposphere caused by
lightning activity are very important, and also complichte
6. Effect on, and response of, lightning to cli- Lightning discharges produce nitrogen oxides (L)XO It
mate change is expected that with an increase of temperature, the total
amount of LNQ will also increase. However, due to the
The importance of lightning in climate studies has begfificulty in measuring the exact amount of N@enerated
increasingly recognized. The following three aspects is thyy a single flash, it is difficult to assign a certain concen-
field are reviewed: (1) the lightning climatology in Chingration of NQ, to a specific lightning discharge in a specific
and its surrounding areas; (2) lightning-inducedN®hich  gtorm.
is very important not only for studies of atmospheric chem- zhoy and Qie (2002), utilizing Nanalyzer, observed
istry and climate change in both the free troposphere agt NQ, evolution under conditions of a thunderstorm. The
planetary boundary layer, but also for understanding of thgsyits showed that the peak values of the average volume
global nitrogen cycle; (3) the response of lightning to @te mixing ratio of NQ; in the air corresponded to the lightning
change. flashes during the process of thunderstorm, but there were
time lags between the peak values of volume mixing ratio
of NOy and lightning flashes. The order of the transporta-
tion time of NQ generated by lightning could be fitted with
Climatic characteristics of global or regional lightninga a quadratic relationship, and the coefficient was rathem,hig
tivities have received much attention, and represent an &ct no strict linear relationship between the transpatati
tive research topic. In the last decade, the variation ¢itlig time and distance was found (Zhou et al., 2005). Zhang et
ning activity in China has been studied using satelliteebasal. (2014d) used a 3D-space cell-gridded approach to éxtrac
LIS/OTD lightning data (Qie et al., 2003a, 2003b; Yuan anithe lighting channel from VHF lightning locations, and a re-
Qie, 2004; Ma et al., 2005a). There were four belts of lightationship between the NO production per unit arc length and
ning activity that run parallel to the seashore, near the satanospheric pressure is applied to the N¥Poduction. The
region, central region, western region, and western bouraerage N@Qproductions per CG and IC flash were estimated
ary region. The lightning density distribution over maimda to be 189 x 107° and 042 x 10?° molecules, respectively, in
China showed a distinctive large-scale variation trendhwihortheastern Qinghai-Tibet Plateau. The average anntal to
distance from the coast and latitude, which was consistgmbduction of LNQ in East Asia was about 2.30 Tg (Zhou et
with the annual mean precipitation variation trend. The Tal., 2004).
betan Plateau, China’s three-step staircase topography an Guo et al. (2006) discussed the transportation of KNO
latitude are three important factors affecting lightningtg- by advection and turbulence in thunderclouds using a 3D
bution. The irregular distribution of lightning density sva dynamic—electrification coupled model. The results inida
closely related to the irregular distribution of groundrthal that strong discharges were mostly located in the region of
and dynamical forcing. the upper edge of the middle negative charge region corre-
The lightning activity on the Tibetan Plateau exhibited sponding to the ambient region of updraft and center of the
seasonal variation in which it mainly occurred from June toorizontal speed field. LNQwas transported by advection
August with a maximum flash activity period from late Junand turbulence after flowing out from the discharge channel,
to mid-July (Qie et al., 2003c). The diurnal variation of Hasand formed a density center in the weak wind field. Due to
rate peaked during 1400-1600 LST, with the exceptions thie variety of lightning and thunderstorms, the parameiers
the prominent high mountainous regions, which peaked ebghtning discharge (energy, length, peak current, chetione
lier, and the prominent low basins, which peaked later. Thaosity, initial altitude of leader, number of return stesk
lightning flashes over the Plateau responded strongly to tte.) also have a wide range of distribution. Therefore, the
topography and surface thermodynamic features. Toumi améasurements in individual field experiments may not be re-
Qie (2004) found that the thermodynamic parameters almble for extrapolating globally. The global amount of NO

6.1. Lightning climatology in China and its surrounding
areas
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produced by lightning and thunderstorms is still highly urflash rate decreased by 13% and the mean flash optical ra-

certain. diance increased by 15% during the monsoon season, re-
) ) ] spectively. The mean flash rate was higher during the pre-
6.3. Response of lightning to climate change monsoon season. The vertical development of precipitation

Lightning activity, as a kind of extreme climate eventsystems in the pre-monsoon season was also stronger than
has drawn more attention in terms of its response to dhat in the monsoon season, meaning frequent lightning ac-
mate change. The global or regional relationships betwetrity was consequently observed.
lightning activity and some meteorological parametershsu  The relationships between lightning activity and a series
as sea surface temperature, terrestrial surface temperatd convective indices have been investigated using 10-$r LI
and relative humidity, have been examined based on lighghtning data over nine monsoon-prone areas in which high-
ning data observed by satellite-borne LIS/OTD and Nationiahpact weather events are frequently observed (Dai et al.,
Centers for Environmental Prediction (NCEP) meteorolog2009). Correlation analysis for each study area showed that
cal data. a higher lightning flash rate and lightning probability were

The responses of lightning flash rates to El Nifio eversissociated with more unstable air and smaller vertical wind
and the interannual variation of surface wet bulb tempershear in a nearly saturated lower layer in most of the studied
ture and air temperature were studied by Ma et al. (2005bgions. However, the correlation varied from region to re-
2005c). During the 1997/98 EI Nifio event, a relatively siggion. The best correlation between lightning activity alne t
nificant positive anomaly of lightning activity occurred inconvective indices was found in eastern and southern China,
Asia/Australia and the Indian Ocean, and the maximuwhereas correlation was worst in some inland or basin re-
anomaly percentage reached 30% and 50%, respectivgipns in which topographic effects were more significant.
One of the most sensitive positive anomaly areas was from Although many studies have revealed some objective
southeastern China to the Indochina Peninsula, where the facts that there exist certain correlations between cémat
sition of the anomaly center for each season during the ¢Hange and lightning activity, the mechanisms and physical
Niflo, as compared with normal years, had a westward shfrocesses involved in these correlations remains unctear a
and, especially in winter or spring, there was a simultangresent. The diurnal solar heating, the latitudinal teraper
ous northward shift. In addition, analysis of the interasnuture gradient, the general circulation of the atmosphéee, t
variation in the lightning density anomaly percentage,-cotocation of regions of convergence and divergence, static a
vective precipitation and high convective available ptg#n baroclinic instabilities etc., all influence the globaltdisu-
energy (CAPE) days showed that each one among the thtiea of thunderstorms. From short time scales (hourly,ydail
anomaly percentages was correlative with the other for thenthly and annual) there seems to be obvious positive cor-
positive anomaly zone, and that the response of lightning aelation between tropical lightning activity and surfaeent
tivity to the EI Nifio event was the most sensitive. In 1999 thperature, upper tropospheric water vapor, cloud cover, and
anomaly percentage of the positive anomaly areas in wingavil ice content. Whether these relationships exist ogéon
reached 498%. time scales is still uncertain, although climate modelsug®s s

Research on whether global and regional lightning actipert positive correlation between lightning and global tem
ity functions as a sensitive indicator of climate change hasrature. Thus, with regard to research on the relationship
shown that, on the interannual time scale, the global totatween lightning and climate, not only the functions oftem
flash rate has had a positive response to the variation irabloperature but also other factors should be taken into conside
surface air temperature, with a sensitivity of 17%'K: 7% ation.

K~! (Ma et al., 2005b). Also, the seasonal mean flash rate As we know, increases in greenhouse gases can lead to
of continents all over the world, and that of continents ia thclimate change, which may increase the intensity of strong
Northern Hemisphere, had a sensitive positive responsetothunderstorms and lightning activity. Meanwhile, thunder
increase in global surface air temperature and wet bulb testerms will increase the amount of water vapor and ice crys-
perature, with a sensitivity of about 13% K+ 5% K. Al- tals in the upper troposphere. Due to the production of,NO
though the increase in global lightning activity might serviightning activity increases the amount o @nd thus fur-

as an indicator of the increase in global air temperatuis, tither increases the amount of greenhouse gases in the at-
may not be the case on the regional scale. mosphere. Therefore, an increase in lightning activity may

Pan et al. (2013) found that the diurnal variation of lightmake the climate even warmer through this positive feedback
ning above the sea show two peak values, occurring in the afechanism. Aerosol correlates with thunderstorms and-ligh
ternoon and morning respectively. Xiong et al. (2005, 2006)ng activity, as well as with climate change. While aerosol
found that higher relative humidity resulted in more ligigti influences climate change, it also influences the electrifica
activity in dry regions and less lighting activity in wet retion process to some extent by changing cloud microphys-
gions. The watershed of relative humidity for lightning proical characteristics. With the development of global light
duction was about 72%-74%. Yuan and Qie (2008) foumihg detection techniques, long-term observations of glob
that the lightning activity over the South China Sea beganlightning activity have been realized, from which impottan
enhance in April, peaked in May, and decreased after Jumdormation concerning strong convection can be obtained.
Compared to the pre-monsoon season, the mean cell-lésath information, through its relationships with certadlin ¢
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mate parameters, could provide a useful reference ancefurtand cloud charge distribution. The model results showed tha
promote the application of lightning data in climate changle induced charges of opposite polarity were depositeatin |
research. cal volumes where the bidirectional leaders passed during a
CG flash discharge. These charges were finally embedded in
the pre-existing positive and negative dispersed cloudgeha
7. Numerical simulations of thunderstorm zones. This sub-process caused a more complicated charge
electrification and lightning discharge distribution in thunderclouds, like a “multi-layer cakeAl-
. . _ ) though the embedding only affected the charge structure in
VHF observations of lightning discharges and multly 15 of positive and negative charge regions immediately
parameter radar provide important knowledge for undefay; 1 the ground, the electrostatic energy of a thundectlo
standing the interaction between lightning discharge behg, 5 significantly consumed when the discharge terminated
ior and dynamic and microphysical fields in thundercloudgy, thef field strength weakened acutely. It was suggested
However, the problem is that no technology in the foreseg,; the observed bipolar CG flash is possibly due to the
able future is capable of simultaneously observing all ef thy;anse changes in electrical potential and polarity realer

dynamic, microphysical processes adields in evolving ¢ jnqced charges caused by the contact of the downward
thunderstorms with high enough temporal and spatial re§@zqer channel to the ground.

lution to delineate all their significant behaviors and inte 1o subsequent neutralization of the residual charges

actions. Numericallr.nod_eling is gble to provide insight intfﬁ the channel volumes with surrounding dispersed cloud
thunderstorm electrification and discharge processes@pd iy, arges during the IC and CG flash was also discussed by
discriminate the mt_eract!ons _between dynamic, mlcrophyq-an et al. (2007) and Tao et al. (2009). It was found that
cal processes and lightning discharges. some residual charges were deposited in the local volumes
of cut-off and non-conducting leader channels after thietlig
ning discharge terminated and these charges were gradually
neutralized with surrounding dispersed cloud chargess Thi
A 2D fine-resolution (12.5 m) lightning model, whichprocess should relate to the turbulence exchange, adwectio
was modified according to a stochastic lightning parametéransport, and gravitational sedimentation etc. in thunde
ization model (Mansell et al., 2002), was developed by Tatouds. The simulation also indicated that potential atani
et al. (2006a, 2006b, 2007). The lightning discharge aiidn pointis a key to decide whether downward leader reaches
electrification scheme, including non-inductive and intiec ground (Tan et al., 2014). The absolute values of initiation
charge electrification mechanisms, has been integrate@infpotential of CG flashes are greater than 30 MV, while the ab-
2D and 3D cumulus model. The hydrometeors consideredsolute values of initiation potential of IC lightning aredba
the model included cloud droplets, rain, ice crystals, snoeally less than 30 MV. Since potential field is determined by
graupel and hail. The microphysical process and electrificgpace charge distributions, polarities and types of liigigtn
tion within a 250 m resolution were simulated in the thundedischarges are also dependent on relative locations and mag
storm domain. The cloud charge distributions at the fine resitudes of positive and negative charge zones near imitiati
olution (12.5 m) were derived through an interpolation teclpoints.
nigue before the initiation of the lighting discharge. Fig3 ) ) )
in the paper by Tan et al. (2006a) shows a simulated IC flaét¢- Simulation of charge structure with a 3D thunder-
and the corresponding charge distribution background with ~ Storm model
a tripole charge structure before the flash initiation. The b A 3D dynamics and electrification coupled model was de-
level branched channel structures, horizontal extensimh aseloped to investigate the characteristics of microphsysig-
maximum changes of vertic#8 field simulated by the fine- namics and electrification inside thunderstorms (Sun et al.
resolution lightning model were in good agreement with pr@002). The model included a full treatment of small ions
vious observational results than those from a coarser modeith attachment to six classes of hydrometeors (cloud drops
After IC flash initiation (black diamond) at the boundary berain, ice, snow, graupel and hail), five electrification pro-
tween positive and negative potential zones, potentialswetesses, which included ionic diffusion, electric attrawctiin-
attracted the leaders of opposite polarities into the eéntductive charging, non-inductive charging and secondagy ic
area and prevented their outward expansion. It was possiystal charging. The larger precipitation particles wals®
ble for leaders to extend all throughout the opposite charfgeced by the vertical component of electrical force in elec
region, but they avoided the isolated charge area of the satmeally intensive thunderstorms. For the horizontal aed v
polarity. tical advection terms, fourth-order and second-orderefinit
Tao et al. (2009) added a CG flash scheme into the abalifferences were used, and the super-relaxation method was
mentioned 2D fine-resolution model, and produced the finged to determine electric potential. The model had the ca-
branched channel structure of a CG flash with different typpacity to reproduce many of the observed characteristics of
of cloud charge distributions, such as dipole, tripole, bihunderstorms in dynamical, microphysical, and eledtrica
dipole and multi-layer charge structures to describe the @spects.
lationships between CG flash channel propagation featuresA regional thunderstorm model, coupled with two pri-

7.1. Lightning discharge simulation with a 2D fine-
resolution lightning model
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mary non-inductive electrification mechanisms, the Tak#y would increase the instability of the whole thunderstor
hashi (1978) and Saunders et al. (1991) schemes, was Al@ipole charge structure corresponded to a maximum mid-
veloped and used to simulate a thunderstorm that occurtager humidity, and a quasi polarity-inverted charge strie
in Beijing, based on Regional Atmospheric Modeling Syde a minimum one. With reference to the effects of initial
tem (RAMS) by Li et al. (2012) and Liu et al. (2014). Thealisturbance, it was noted that in the same temperature pro-
results were in agreement with some observations and fites, the lower maximum disturbing central potential tempe
sults of other models. However, the evolution processes aatdre (\6:) corresponded to a weak thunderstorm and quasi
shapes of cloud charge distribution in the two schemes wem@arity-inverted charge structure, while high&é. corre-
different. The result of Takahashi (1978) scheme producedponded to a severe thunderstorm and dipole charge struc-
tripolar charge distribution in the cloud before the firghli- ture. For intermediat&f; values, the storm had a tripole
ning discharge. The Saunders et al. (1991) scheme produckedrge structure.
a transformation from an inverted dipole distribution to a The effects of electrical activity on hail fall at the sur-
tripolar charge distribution. The results from both scheméace and hail growth during thunderstorms were simulated
showed that the positive charge carrier at a low level oftey Zhang et al. (2004b). The results indicated that, compare
thunderstorm is rain droplets, that aggregates and grau@elto during the non-electrification process, hail with chaagd
located at high levels, and that the charge center distoibut a stronge field made precipitation increase by 50%. Further-
of graupel is similar to the distribution of total charge et more, the average diameter of the hail particles was 0.7 mm
thunderstorm cloud. Zhou and Guo (2009) also developlkedger, and the time of hail fall lagged by three minutescEle
a 3D numerical model for simulating the electrification anttical activity mainly influenced the collection and megjin
discharge processes in a hail storm and performed simnlatgrocess of hail. Since electrification and discharge piE®s
tests. are very complex, comparisons of simulated results with ob-
The effects of electrification on microphysical and dyserved data of th& field distribution and lightning features
namical processes were examined by performing two numduring thunderstorms are necessary.
ical experiments, with and without electrification proeess
(Sun et al., 2002). The model results showed that, when el@e3. The flash rate simulated by numerical models at the
trification processes were included, the mass transfer gmon  thunderstorm scale

hydrometeors in microphysical processes, especiallgcoll The flash rate at the scale of the thunderstorm has been

tion and coalescence processes, changed considerably g8 &eq via numerical simulation. Assuming that the cialfis
result of sigqifi_cant modification of the terminal velocgie between ice crystals and rimed graupel particles was a domi-
of Igrge_prempﬂgﬂon particles. The change of mass tra ant mechanism for charge separation in thunderstorms, Xie
fer in microphysical processes affected cloud buoyancy Ry 5 (2005 studied the effect of two ice glaciation mecha-
changing the amount and distribution of hydrometeors, a5 of crystal (Fletcher and Hallett-Mossop glaciatiam)
!atent heat _release in the middle region of t_he thqnde_rstona’hid water content on flash rate. The results showed that
mcre_ased, l.e. convection strengthen_ed by mcludmgmﬂecthere was a large disparity in ice crystal number concentra-
f|ca}t|on Processes. The amount and diameter of solid preqigs, gistribution with increased pressure and temperdture
ltation partmlgs at the surfac_el mgreased_because a §lronge o glaciation mechanisms, which directly resulted in a
updraft susta|_ned large precipitation partlcles and preac difference of electrical activity in the thundercloud. Wan
them from falling out of the cloud earlier. increase in liquid water content, the time of the first light-

The §pat|al ‘de temporal evolut_|(_)n (_)f charge StTUCtuFﬁng flash would be delayed, the location of the breakdown
and the interactions between electrification, convectioth a rocess would be lower, and the lightning flash rate would

rainfall have been studied numerically by Guo et al. (zooﬁecrease.

The results indicated that the inductive and non-inductive

charging mechanism played crucial roles in the evolution

of electrical structure within thunderst(_)rms, and th_e telec 8, Lightning detection and location techniques

cal development depended highly on ice-phase microphysi-

cal processes. The appearance time of the maxirfald Knowledge on lightning relies on the progress of light-

was the same as that of the maximal solid rainfall density anohg detection technologies. EM radio-frequency detedato

that of the maximal ascending velocity starting to decreagbe main technology for detecting and locating lighting dis

but later than the maximal liquid rainfall density. charge sources, because lightning emits significant EM radi
The effects of the temperature and relative humidity pration covering a very broad range of frequencies, from be-

file on the charge structure in thunderclouds have also bdew 1 Hz to almost 300 MHz. In the microwave band (300

analyzed by Guo et al. (2003) and Zheng et al. (2007). MHz to 300 GHz), and even in the visible light band (about

southern China, the value of convective available potentiE0'* to 10*° Hz), lightning is also detectable. Although the

energy (CAPE) was large, and the main positive and nedirations of various lightning processes are very shos, th

ative charge centers were raised to a high level, beforg@cesses produce rich observable EM radiation. Lightning

dipole charge structure formed. The humidity could also afletection and location techniques in the frequency band at

fect the charge structure. Enhanced middle relative humigery low frequency (VLF) (3—-30 kHz), low frequency (LF)
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(30-300 kHz), high frequency (HF) (3—30 MHz), VHF (30-were well located in 3D, and the radiation sources were found
300 MHz) and ultra-high frequency (UHF) (300-3000 MHz)o be nicely associated with the radar echo of the storm, in-
ranges have been developed worldwide. Each physical pdicating the technique could effectively locate the lightn
cess in a lightning flash is associated with its characteristadiation sources.
electric and magnetic field, so different techniques areluse Zhang et al. (2003a) developed a short-baseline TOA
to detect different discharge processes. There are three Edlting radiation detection system with antenna sepanati
radio-frequency location techniques that are most comynomif 10 m, central frequency of 280 MHz and bandwidth of 6
used: magnetic direction finding (MDF), TOA, and interferMHz. The signals were recorded with a sampling rate of 2
ometry. 2D/3D lightning location systems based on lon@gHz and a record length of 500 MB. The segmented trig-
baseline and short-baseline TOA VHF radiation pulse locgering mode was used to resolve the conflict of a very high
tion techniques, and broadband and narrowband VHF intsempling rate and relatively small capacity. Cao et al. 201
ferometric, have been developed successively for the gerpmodified the hardware with wide-band receivers (125-200
of lightning research and warning systems in the last decaddélz) and data processing software of the system. To re-
in China. duce noise and improve estimation accuracy of time delay, a
o ] ] general correlation time delay estimation algorithm based

8.1. TOA-based VHF radiation pulse location techniques girect correlation method and wavelet transform was adbpte

TOA technology locates the radiation pulses emitted froby Sun et al. (2013). Moreover, parabolic interpolatioroalg
lightning discharges, by measuring the time of arrival & thrithm was used in the fractional delay estimation to improve
individual VHF pulses from lightning to different receiger the time resolution of the positioning system. The location
TOA-based location systems can be divided into two typeagsults for a rocket-triggered lightning and an IC lightnin
long-baseline and short-baseline. indicated that the modified short-baseline time-diffeeeat

A 3D lightning mapping system based on TOA and GP&rival (TDOA) technology could effectively map the light-
technology was developed in China by Zhang et al. (201@jing radiation sources in 2D. Short-baseline TOA VHF ra-
The principle of system was similar to the LMA (Rison et aldliation pulse location systems can only locate the azimuth
1999), but worked at 270 MHz with a bandwidth of 6 MHzand elevation of the lightning discharge sources occurring
and was composed of seven affiliated stations. The time amghrby. Time synchronization is not a problem in this kind
peak values were recorded every2§ The digitization rate of system, which is, in contrast, very critical in multi-Sten
was 20 MHz. The 40 MHz high precision clock was syrlong-baseline systems. Therefore, the cost of this syssem i
chronized and calibrated by 1 pulse-per-second (PPS) putplatively cheap and suitable for locating local lightnitig-
of a GPS receiver. 3D images of lightning progression wecharges in some key areas. However, it nevertheless has some
obtained successfully for the first time in China by using thshortcomings, such as only providing 2D location informa-
system. The location error was estimated to be less thantl, its relatively large elevation location error, anthtely
m. short detection range. Essentially, the short-baselime-ti

Fast and slow antennas, which respectively detect the fddterence of arrival technology is interferometer.
and slowE field changes produced by lightning discharge ) ) ] ]
processes with microsecond or sub-microsecond time resdh?- VHF/UHF interferometer lightning location systems
tion, are very useful in research on the physics of lightning Lightning usually produces some noise-like bursts of EM
Multi-station observations of fast or slow antennas cao alsadiation lasting for tens to hundreds of microsecondss It i
be used to locate lightning radiation sources using TOA-teckery difficult to identify individual pulses from these btss
nology. Through multi-station measurements of broadbafitie interferometer measures the phase difference between
slow antenna systems synchronized by GPS, some spettial signals from different sensors, and provides an efficien
features of lightning discharges in the eastern Tibetate®la way for locating the noise-like pulses. The VHF/UHF inter-
were investigated by Qie et al. (2000a). The bandwidth of tferometer technique locates the azimuth and elevationeof th
slow antenna was 0.2 to 2 MHz and the decay time constaatliation source by using three to four antennas with two or-
was about 5 s. ThE field change signals were digitized athogonal baselines. To locate the sources in 3D, two or more
a sampling rate of 1 MHz with an amplitude resolution of 18ynchronized interferometers are needed.
bits. Five observation stations covered an area ok 10 Dong et al. (2001, 2002) developed a broadband inter-
km. The K-type breakdown processes during one IC diferometer system by employing three identical broadband
charge were found to develop from the main negative chargigtennas, which were separated horizontally with distance
region to the LPCC by using the TOA techniques. Wang et @f 10 m. These antennas were located at three apexes of a
(2009a) developed a similar TOA algorithm-based lightningguare and all connected to a Digital Storage Oscilloscope
location system using a fast antenna system with a bandwi@50) via a 50-m-long coaxial cable, terminated with char-
of 0.1 to 5 MHz and a time constant of 2 ms. The systeatteristic impedance of 50 and through 25 MHz high pass
contained seven stations with baselines of several kilerset filters. The sampling rate was 1 GHz, and the memory of
The high time-resolution GPS with a timing accuracy of 50 reach channel was divided into 2000 segments. Each seg-
was used to synchronize the signals from each station. Radigent recorded up to 1000 points. By using this system, the
tion pulses in the initial stages of five IC lightning discp@s positive leader and negative breakdown processes in artifi-
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cially triggered lightning and bidirectional breakdowropr 9.1. Observational studies on sprites associated with light-
cesses in natural lightning were observed (Dong et al., 2002  ning

2003). Qiu et al. (2009) proposed a phase filtering algo- The Chinese Sprites Observation Campaign (CSOC)
rithm which combined circular correlation with translatio '

: ) - X aimed at understanding the characteristics of sprites over
invariant de-noising for the VHF broadband mterferome_tr}hainland China and the relationships between sprites and

) . . ) _nﬁ'ghtning flashes, has been conducted since the summer of
ages of lighining discharges than the conventional algorit 2007. The first observation site is located in Zhanhua Cqunty
did. . . handong Province (37942’N, 1180506 E). The camera

For broadband interferometer systems, a high speed stem used in the campaign is Watec902H camera, and the

itizer and a large capacity recording system are neededﬁ d of view (FOV) of the observation system is 31 (hori-
record broadband signals. Generally, the segmented mggzeontal) by 21.2 (vertical)

ing mode for each event is used to reduce the capacity re- A total of 17 sprites were first observed over two thun-

guirement, so it is hard to record the lightning flash Contimdierstorms in 2007 (Yang et al., 2008¢). All of the ob-

ously. Furthgrmore, '.t is difficult to have two or More CoMggq /e sprites occurred in a cluster, and their appearances
pletely identical coaxial cables for a broadband intenfieze -

. were different, including “columniform sprites”, “colurin
ter. Therefore, the system error of broadband interfererset g P

Id be a little | than that of band interf form sprites” with angel-like wings, “carrot sprites”, “de-
feorl; € a fitlie farger than that of narrowband inter erom%g sprites”, etc. The estimated bottom elevation of on&ef t

. columniform sprites was about 4712 km and the top was
Zhang et al. (2008) developed a narrowband mterfero% 15 km. The vertical length of one of the carrot sprites

ter system using a five-antenna array consisting of short a09s about 42 km. with the bottom at 3910 km and the top
long baselines along two orthogonal directions. The isterf t 81+ 14 km. Th’e duration of the sprites varied from 40 ms
ometer was operated at a central frequency of 280 MHz w 160 ms. with a mean value of 61 ms

a 3 dB bandwidth of 6 MHz. The signal received by the cen- Yang et al. (2013a, 2013b) studied the characteristics of

tral antenna of the array was separately interfered with tQSrite-producing and non-sprite-producing summer thende

signals from all the remaining antennas. These output Ejgngtorms. They found that the average positive CG lightning

;/_vere ?'fg'é?[d V\_ll'_tr? a satmpllng rat:; otf 1 MHZf and fa resol beak current in sprite-producing storms was larger than tha
lon o ItS. - The system error thal arose from Irequeniy ., o non-sprite-producing one. The convection was also

conversion was reduced through phase detection by dire onger in sprite-generated thunderstorms, but therenwas

us_ing high frequency amplifiers. An intergctive gra.phi.c.lanaobvious difference in the microphysical characteristithe

ysis p_rocedure was used to remove the fringe amb|QU|t|e_s t[ﬂg(rental CGs of sprites were positive and located in regions

exist inherently in interferometry and to determine thedhir with a cloud top temperature ef40°C to —60°C and radar

tiqn of “ghm"?g ra_ldiation SOurces _in 2D as a function Olc(kimreflectivity of 15-35 d&. Most of the sprites appeared in the

with a resolution in the order of microseconds. period characterized by a sharp decrease in negative CGs and
an increase in positive CGs.

9. Transient luminous events above thunder-

9.2. Observational studies on Gigantic jets
storms

Gigantic jet is a type of large-scaled transient discharge

Transient luminous events (TLES) are very short-livegthich occurs above thunderstorms. It connects the thunder-
discharges that occur above thunderstorms, e.g. spiites, estorms and ionosphere directly. Compared with sprites, gi-
and jets. These fleeting optical emissions in the mesosphegaatic jet is very difficult to be observed from the ground.
can initiate from the tops of thunderclouds up to the ion&@ang and Feng (2012) reported a gigantic jet event in east-
sphere, providing direct evidence of coupling from the lowern China, near the Huanghai Sea. The top altitude of this
atmosphere to the upper atmosphere. The first ground-bagieghntic jet was estimated to be about 89 km. The gigantic
video recordings of sprites were obtained in northern Amget-producing storm was a multi-cell thunderstorm and the g
ica in 1989 (Franz et al., 1990). Since then, several grourghntic jet event occurred in the storm developing stagdy wit
and aircraft-borne observations have been used to expltre maximum radar echo top around 17 km. Different from
these kinds of discharges. In addition to sprites, another tresults from other countries that positive CGs dominated du
types of discharges, termed elves and jets (blue jets, tigaing the time period of gigantic jet. It is by far the furthest
jets), were recorded. The term “Elves” refers to “Emissioinom the equator gigantic jet recorded over summer thunder-
of Light and VLF" perturbations from an EM pulse (EMP)storm.
source, which appear as a ring (at 90 km altitude) and can Although some studies on TLEs have been conducted in
spread laterally at the speed of light over 300 km. Blue jetise past few years in China, more cases are needed to pro-
emanate from the top of thunderclouds up to an altitude of #ltle statistically reliable characteristics of TLEs andas
km. Gigantic jets propagate upwards from thundercloudsda@ted lightning and thunderstorms. There are also signifi-
altitudes of about 90 km (Su et al., 2003). Observations oént questions raised that deserve study in the years to.come
TLEs have been conducted recently in China. One question is the influence of TLESs, especially in terms of
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guantitative estimations of the chemical effect on the mesdong, W. S., X. S. Liu, Y. Yu, and Y. J. Zhang, 2001: Broadband
sphere. Another question is teefield established by a light- interferometer observations of a triggered lightni@inese
ning discharge; no existing model considers the comiete Sci. Bull., 46(18), 1561-1565.

fields produced by CG and IC discharges. Furthermore, thgong. W.S., X. S.Liu, Y. J. Zhang, and G. S. Zhang, 2002: Obser

influence of TLEs on Earth’s environment and space weather  Vations on the leader-return stroke of cloud-to-groundittig
should also be studied ning with the broadband interferomet&ci. China: Earth

., 45(3), 259—269.
Dong, W. S., X. S. Liu, C. X. Chen, Y. J. Zhang, and H. B.
. Wang, 2003: Broadband interferometer observations of the

10. ConCIUdlng remarks bi-directional breakdown process in natural lightnirhi-

New understanding on the physics of lightning and  neseJ. Geophys., 46(3), 449-456. .
thunderstorm electricity has been achieved during the [a&@" X. P., G. S. Zhang, Y. H. Wang, Y. J. Li, T. Zhang and
decade through continuous observations in some representa 5 Wu, 2014: Analyzing the transmission structures of long
tive weather system regions in China. The first lightning ex- continuing current processes from negative ground flashes o

. . . the Qinghai-Tibetan Plateail. Geophys. Res., 1195), 2050—
periment on the Tibetan Plateau clearly revealed the dpecia 2063. doi: 10.1002/2013JD020402

charge structure and discharge phenomenon. Some excitiﬁgng, G. L., X. S. Qie, T. Yuan, and Y. J. Zhou, 2006a: A case
results have been documented in aspecta situ soundings study of cloud-to-ground lightning activities in hailstos un-

of thunderstorms and lightning mapping technologies. Pro-  der cold eddy synoptic situatioActa Meteorologica Sinica,
gresses has also been achieved in the area of rocket-gifjger  20(4), 489-499.

lightning and its application. However, our understandifg Feng, G. L., X. S. Qie, and Y. J. Zhou, 2006b: A case study on
lightning activity and atmospheric electricity is stilliited characteristics of lightning activity in a mesoscale cative
and not satisfactory for lightning protection in the contex  SystemPlateau Meteorology, 25(2), 220-228. (in Chinese)

of modern society. Some key questions remain unanswereengd G- L., X. S. Qie, T. Yuan, and S. Z. Niu, 2007: Analysis
such as the predominant electrification mechanism in differ gggggﬂ?nzcég’;% g;‘iirf’;:%z'(%t'%g;trgg;“re of halsns.
e_nt_ thynderstorms Wlth very different man|festat|on§ @-pr Feng, G. L., X. S. Qie,and S. J.'Wu, 2'008: Cloud-to-grounitig
cipitation, the connection processes between CG discharge ning characteristics of hail clouds in Shandong provitte:
and ground objects, the physical mechanism of sprites and .oz 3 Atmos. i, 32(2), 289-299. (in Chinese)

narrow bipolar events, and the long-term response of lighi=eng, G. L., X. S. Qie, J. Wang, and D. L. Gong, 2009: Light-
ning and the global circuit to temperature change. High-qual  ning and Doppler radar observations of a squall line system.

ity detection of lightning, in association with thundemsto Atmospheric Research, 91(2—-4), 466-478.
microphysics and dynamics, and long-term data accumulé&ranz, R. C., R. J. Nemzek, and J. R. Winckler, 1990: Telenisi
tion will serve as crucial measures. image of a large upward electrical discharge above a thunder

storm systemScience, 2494964), 48-51.
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