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2. Development of lightning location technol-

ogy

With development of the electronic and informa-
tion technology, many countries such as the United
States (US), France, and China have successively de-
veloped advanced lightning location systems since the
1970s. For example, the well-developed cloud-to-
ground (CG) lightning detection networks since the
late 1970s, the very high frequency (VHF) lightning
radiation source location system that accurately maps
the lighting discharge processes since the 1990s, the
World-Wide Lightning Location Network (WWLLN),
and the space-based lightning detection sensors aboard
the satellites. These lightning detection technologies
have been improved continuously, and are applied in
many significant international research programs. For
example, the Severe Thunderstorm Electrification and
Precipitation Study (STEPS) conducted in the Amer-
ican Great Plains in 2000, the Thunderstorm Electri-
fication and Lightning Experiment (TELEX) in 2004,
and a 10-yr (2010–2020) weather observation plan,
Hydrological cycle in the Mediterranean Experiment
(HyMEX) project launched by France, etc. All of
these projects used the lightning VHF radiation source
location technology in three dimensions (3D) with
high temporal and spatial resolutions. Based on the
comprehensive observations using advanced lightning
location technology, the integrated observation data
with high temporal and spatial resolutions can be ob-
tained. Then, the lightning activity in different con-
vection systems and the relationship of lightning to
the dynamic and microphysical processes in a thunder-
storm can be investigated, which is an active research
field in the current atmospheric electricity. This line
of research also promotes the application of lightning
data in the monitoring and forecasting of catastrophic
weather.

2.1 Ground-based lightning location

Lightning discharges emit electromagnetic radia-
tion in broadband frequency ranges, which is strong
in the radio spectrum and even detectable in the high-
energy radiation spectrum (X-ray and Gamma-ray).

The electromagnetic radiation provides an important
signal to detect and locate lightning discharges. As
the most widely used lightning location system, the
crossed-loop magnetic direction finders (DF) working
in the very low frequency/low frequency (VLF/LF)
range was first developed by the University of Arizona
in the 1970s. The system could recognize the CG
lightning flashes by using the feature of electromag-
netic field waveforms produced by the return stroke,
and then locate the CG flashes effectively. With the
development of the Global Positioning System (GPS),
the IMPACT (improved accuracy from combined tech-
nology) algorithm was proposed as a combination of
DF and the time-of-arrival (TOA) technology. Based
on the IMPACT, the commercial US National Light-
ning Detection Network (NLDN) was first operated
(Cummins et al., 1998), and then similar lightning de-
tection networks were set up in many areas and coun-
tries, such as North America, South America, Europe,
and China. The detection efficiency of the NLDN
reaches about 95%, the corresponding location pre-
cision is better than 500 m, and the time precision
is about 1 ms (Biagi et al., 2007). Similar lightning
detection networks were established by the China Me-
teorological Administration and the Chinese Electric
Power Companies. The CG location system provides
information of time and location of the return strokes,
and the peak current is estimated by using the peak
value of the measured magnetic field. In the 1980s
and 1990s, the CG lightning location systems played
an important role in the study of lightning activities
in severe convective weather systems (e.g., Reap and
MacGorman, 1989; Qie et al., 1993).

Based on the long-baseline TOA lightning loca-
tion technology, the Lightning Mapping Array (LMA)
was designed by the New Mexico Institute of Min-
ing and Technology (Rison et al., 1999), and has be-
come the most precise location system in 3D across the
world. The center frequency was originally 63 MHz
with a bandwidth of 6 MHz, and now the center fre-
quency is adjustable in the VHF band to avoid the
background radio frequency interference. Total light-
ning, including both the CG lightning (less than 1/3
of the total) and the intra-cloud (IC) lightning (more
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than 2/3 of the total), can be imaged in 3D, and
the progression of lightning discharges can also be de-
picted in detail. The nonlinear least-square regression
algorithm is applied in the 3D location of the radia-
tion sources. The LMA determines hundreds to thou-
sands of radiation events per lightning flash, and ac-
curately maps the progression structure of lightning
discharge in 3D. The LMA has been widely utilized
as the major detection technology in many research
programs related to severe convection storms in the
US and Europe, such as STEPS, TELEX, DC3 (the
Deep Convective Clouds and Chemistry Project), and
HyMEX. The US Lightning Detection and Ranging
(LDAR II) system adopts the similar location princi-
ple as the LMA with two adjustable frequency bands
(60–66 and 222–228 MHz), and is another lightning
VHF radiation location system with high detection ef-
ficiency and location precision in 3D.

In China, the Lightning Mapping System (LMS)
has also been designed based on the long-baseline TOA
technique, similar to the LMA in the US. The center
frequency of the system is 270 MHz. The horizontal
error is less than 11 m and the altitude error is 2–3
times greater, when lightning occurs inside or about
10 km near the network with an altitude between 4
and 15 km. The altitude error increases with the re-
duction of the radiation source height (Zhang et al.,
2010). Figure 1 shows the 3D location result of an IC
lightning detected by the LMS. It is found that the
lightning was initiated from the lower negative charge
region, and propagated upward into the upper posi-
tive charge region. Subsequently, the lightning chan-
nels spread horizontally in both charge regions. At
present, the LMS is only used in scientific research,
while has not yet supported the real-time and contin-
uous location over the duration of an entire thunder-
storm. Therefore, it cannot be applied to operational
monitoring of the lightning activity in severe convec-
tive storms.

SAFIR (System d’Alerte Fondre par Interferome-
trie Radio electrique) initiated in France is a light-
ning VHF detection and location system based on
the interferometry technique. The center frequency
of the system is adjustable within the range of 110–

118 MHz and a bandwidth of 1 MHz. The SAFIR
determines the lightning radiation sources in 3D, and
reproduces the progression of lightning discharge chan-
nels. Meanwhile, the LF electric field antenna is inte-
grated to distinguish the IC and CG lightning accord-
ing to the electric field signals from 300 Hz to 3 MHz
(Richard et al., 1986). Using data from the Beijing
SAFIR3000 lightning detection system and Doppler
radar, Liu et al. (2011) analyzed the temporal evo-
lution of lightning radiation sources in a leading-line
and trailing stratiform mesoscale convective system
(LLTS-MCS) over Beijing, and found that the radi-
ation sources over the central detection network had a
good agreement with the radar echo, while the altitude
error of many radiation sources appeared relatively
large.

In addition, there are other lightning VHF loca-
tion systems, including the narrowband interferome-
ter (Zhang et al., 2008) and broadband interferometer
(Dong et al., 2002) based on the interferometry tech-
nique, and the lightning VHF radiation location sys-
tem based on short-baseline time-difference of arrival
technique (Cao et al., 2012; Sun et al., 2013). Most
of the systems have merely realized the 2D location or
finite 3D location (Wu et al., 2012), and the coverage
areas are relatively small. Therefore, these systems
are only applied in the study of lightning physics.

The WWLLN is operated in the VLF range (3–30
kHz), with the center station established in the Uni-
versity of Washington. The network could effectively
detect the electromagnetic radiation emitted by the
lightning discharge at thousands of kilometers away.
With about 60 ground-based observations around the
world, the WWLLN detects global lightning activities
continuously. With a GPS antenna for accurate arrival
time of the lightning impulses, the WWLLN locates
the lightning based on the time-of-arrival technique
(Dowden et al., 2008). Due to the lower operating fre-
quency and fewer numbers of stations, the detection
precision and efficiency of WWLLN were very low, and
the detection precision was about 10 km. With in-
creasing WWLLN station numbers, the detection effi-
ciency of the WWLLN has increased from 3.88% in
2006–2007 to 10.30% in 2008–2009. Besides, there
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are also other VLF/LF lightning location networks,
for example, the Los Alamos Sferic Arrays (LASA)
in America (Smith et al., 2002), Lightning Detection
Network in Europe (LINET; Betz et al., 2009), and
Beijing Lightning Network in China (BLNet; Wang et

al., 2009).

2.2 Space-based optical lightning location

The Lightning Imaging Sensor (LIS) aboard the
Tropical Rainfall Measuring Mission (TRMM) is des-

Fig. 1. The 3D location of an IC lightning detected by LMS. (a) The height of lightning radiation versus time, (b)

east-west (W-E) vertical projection, (c) the number of lightning radiation sources versus height, (d) plan view, and (e)

south-north (S-N) vertical projection. Different colors stand for time evolution. The discharge started in blue. [Adapted

from Zhang et al., 2010]
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igned to monitor the characteristics of total lightning
activity in severe convective weather. The LIS ob-
serves the lightning activity between 35◦S and 35◦N
with a view of 600 × 600 km2 area on the earth, and
the spatial resolution is about 3–6 km. The view time
for an individual storm or storm system is about 90
s. As a similar optical sensor before LIS, the Optical
Transient Detector (OTD) on the Mictolab-1 satellite
observes an area of 1300 × 1300 km2 in 70◦ inclina-
tion orbit. The spatial resolution is 10 km, and the
temporal resolution is 2 ms. The detection efficiency
of the OTD is between 50% and 66%. For LIS, the IC
and CG lightning cannot be distinguished, while con-
tinuous observation is available day and night. Boc-
cippio et al. (2002) compared LIS and LMA observa-
tion data, and found that the lighting location results
from the two datasets were well consistent in space
and time. The IC lightning occurs at middle–upper
levels of the storm, which is easier to be detected by
the LIS than the CG lightning, and the LIS tends to
detect the latter period of the CG lightning. The LIS
detection efficiencies near local noon and near local
overnight are about (73±11)% and (93±4)%, and lo-
cation errors for IC and CG lightning are about 4 and
12 km, respectively.

Although there are significant differences between

OTD and LIS in the spatial resolution and observation
regions, NASA researchers have combined and aver-
aged the two sensors’ data to create a global lightning
activity database spanning from May 1995 up to now,
which is the first lightning database with long time and
high precision in the world. For the database, not only
the temporal-spatial changes in instrument detection
efficiency are considered, the different view time of the
sensors in different latitudes is also corrected. Figure 2
shows the lightning distribution of the world from May
1995 to February 2012 by LIS/OTD. It is obvious that
lightning activity over land is far more than that over
ocean, and the lightning density ratio of land to ocean
is about 10:1 (Zhu et al., 2013). The LIS, the precip-
itation radar (PR), TRMM Microwave Imager (TMI)
and other sensors on the TRMM can be combined to-
gether to provide information on the characteristics
of lightning activity, precipitation, and microphysi-
cal processes in different severe convective weather
systems.

3. Lightning activity in different convective

systems

The development of lightning detection technol-
ogy has greatly improved the understanding of light-

Fig. 2. Lightning (fl yr−1 km−2) distribution across the globe from May 1995 to February 2012 by LIS/OTD. [From

Qie et al., 2013]
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ning activity in thunderstorms. Combined data from
the lightning detection network, Doppler weather
radar, and satellites have been particularly useful. The
gradual development of the CG lightning detection
network in the US since the late 1970s has enabled the
characterization of CG lightning activities of convec-
tive weather systems, based on the lightning location
data including both IC and CG lightning observed by
lightning detection systems such as SAFIR, LDAR and
LMA, WWLLN, and satellite (LIS/OTD). The light-
ning activities in convective weather with different pre-
cipitation characteristics have been investigated, such
as squall line, supercell, hailstorm, typhoon, etc. (Qie
et al., 2005, 2006; Zhang et al., 2006a; Qie, 2012). We
next separately consider in detail the different types of
precipitation systems that may accompany lightning.

3.1 Lightning characteristics of hailstorm

Generally, the frequency of –CG (negative CG)
lightning is higher than +CG lightning during the life-
cycle of a thunderstorm, but hailstorms are usually ac-
companied by a higher ratio of +CG lightning (Carey
and Rutledge, 1998; Feng et al., 2006; 2007; Liu et
al., 2009). Based on CG lightning location, radar, and
TRMM/LIS data, Feng et al. (2007) observed that
the +CG lightning accounted for a high percentage of
total lightning over the lifetime of a hailstorm, with
the hail-falling stage coinciding with the most rapid
increase of +CG lightning. Using total lightning de-
tected by SAFIR3000 and radar data, Zheng et al.
(2010) found that +CG lightning frequency and hail
fall were correlated. Therefore, the +CG lightning fre-
quency may indicate the occurrence of hail fall. How-
ever, Soula et al. (2004) analyzed the lightning activ-
ity of hailstorms in the south of France, and demon-
strated that the CG lightning frequency was no more
than 2 fl min−1 (flashes per minute): far less than that
expected in a rain-generated storm, where the light-
ning frequency was 12 fl min−1. This result showed
that +CG lightning frequency alone may not reliably
identity hailstorms.

Severe weather events, including hailstorms, are
often accompanied by frequent lightning activities. A
rapid increase in total lightning frequency indicates
the occurrence of severe weather events. Schultz et

al. (2011) analyzed 711 thunderstorms that occurred
in four different regions of the US. Their large sam-
ple size resulted in good representation for all severe
thunderstorm types. They included tornado-produced
storms, those where the hail diameter exceeded 1.9 cm,
and those where the wind speed exceeded 26 m s−1,
and also weak thunderstorms. They tested the abil-
ity of monitoring the rapid increase of total lightning
and CG lightning to forecast severe weather events,
using the method of 2σ lightning jumping (the rate of
change of the total flashes rate; DFRDT). Both the to-
tal and CG lightning were found to increase before the
occurrence of severe weather events, but the forecast-
ing ability of total lightning flashes was more effective
than CG lightning, with the total lightning of 20.65
min and CG lightning of 13.54 min. Yao et al. (2013)
studied the hailstorms in the Beijing area, and found
that the 2σ lightning jumping method (+CG lightning
and total lightning) could also be successfully applied
to hail forecasting in that region.

3.2 Lightning activity in linear mesoscale con-

vective systems

Linear mesoscale convective systems (MCSs) are
severe convective weather systems occurring fre-
quently in summer, and are also known as squall lines.
Using radar morphology, Parker et al. (2000) divided
linear MCSs into three categories: leading stratiform
(LS-MCS), trailing stratiform (TS-MCS), and paral-
lel stratiform (PS-MCS). They found that LS-MCSs
produced more +CG lightning than the other two
types. Further observational studies found that the
–CG lightning dominated at the mature stage of a
linear MCS, and +CG lightning occurred relatively
frequently in the stratiform region at the dissipating
stage (Parker et al., 2000; Feng et al., 2009). Case
studies of the lightning VHF source location showed
that the total lightning frequency of a linear MCS in-
creased from 130 to 600 fl min−1 (Lang and Rutledge,
2008; Liu et al., 2013a, b). Yuan and Qie (2010a) stud-
ied a squall line that occurred in South China using
TRMM/LIS data, and found that the instant light-
ning frequency reached a maximum of 567 fl min−1

during the satellite pass over. This result suggested
that the lightning activities of squall line systems are
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more active than normal thunderstorms (Yuan and
Qie, 2010b) because of a wide range of strong convec-
tion. Using an SAFIR3000 lightning location system,
Liu et al. (2013a) analyzed a linear MCS over Beijing.
Their results showed that lightning activity was corre-
lated with radar data and precipitation. Figure 3, re-
produced from that work, indicates that lightning was
concentrated over the strong convection area, while
fewer lightning flashes occurred in the stratiform re-
gion, and most of them were +CG lightning.

Carey et al. (2005) used LDARII data to exam-
ine lightning activity in a linear MCS and obtained the
fine structure of IC lightning extension. They found
that the lightning radiation sources had a two-layer
distribution, sloping from the convective layer to the
stratiform region as shown in Fig. 4. To a certain

extent, the results reflected the charge distribution in
the lightning discharge of linear MCSs.

A positive charge in the stratiform region of a
linear MCS may form via either the charge advection
from the convective region or the local electrification
mechanism. The charge advection mechanism hap-
pens when ice crystals in the stratiform region become
positively charged through the advection of upper air-
flow from the convective region. Figure 4 shows the
lightning radiation source distribution, which corre-
lates well with the trajectory of ice particles sinking
in the MCS shown in Fig. 5. Since ice particles are
the primary positive charge carriers, the charge moves
from the convective region to the stratiform region by
the advection of upper airflow of the thunderstorm.
The local electrification mechanism occurs when in-

Fig. 3. Composite radar reflectivity and the lightning location within six minutes at two times of a leading line MCS.

Black dots represent lightning flashes. [From Liu et al., 2013a]

Fig. 4. Lightning radiation sources detected by VHF (shading) and radar reflectivity (contours) of a typical linear

MCS. [Reproduced from Carey et al., 2005]
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Fig. 5. An MCS conceptual model. [From Carey et al., 2005]

situ charge separation happens within the stratiform
region, through ice particle collisions. Dotzek et al.
(2005) found that both the horizontal propagation of
discharge sources and a radar reflectivity factor above
the 0℃ bright band in the mixed phase area were in-
creased, confirming a local electrification mechanism
in the stratiform region.

Transient luminous events (TLE) usually occur
over the MCSs (Pasko et al., 2002; Yang et al., 2008,
2013a, b). Red sprites are thought to be induced by
+CG lightning in the stratiform region of an MCS. Lu
et al. (2009) discussed the charge moment changes of
the sprite-producing +CG lightning, typically 1500–
3200 C km−1, which is much greater than that of nor-
mal CG lighting. Yang et al. (2013a, b) compared the
sprite-generated MCS to other thunderstorm types,

and suggested that the convection was stronger in
sprite-generated thunderstorms, but there was no ob-
vious difference in the microphysical characteristics.

3.3 Lightning activity in typhoons

Although lightning in tropical cyclones varies, the
mean lightning density presents an obvious three-circle
structure during most of the typhoon stage (Molinari
et al., 1994; Pan et al., 2010; Zhang et al., 2012). The
peak lightning density appears in the outer rain band.
A lower lightning frequency is found in the eyewall re-
gion, and lightning frequency trends to be zero in the
inner rain band. Figure 6 shows that the lightning
occurring in the outer rain band has an asymmetric
distribution, with the highest density mainly located
in the deep convection area.

Fig. 6. Lightning distribution in Typhoon Qiangwei. (a) Lightning (dark dots) during 0200–0600 UTC 27 September

2008, superimposed over visible cloud imagery from GMS-6 data at 0600 UTC, and (b) composite lightning distribution

at the mature stage of Typhoon Qiangwei.
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The lightning density at the cyclone center is
higher while the storm strengthens than at the weak-
ening stage (Abarca et al., 2011). Generally, the light-
ning in the eye wall of a typhoon increases sharply as
the wind speed reaches its maximum, so the lightning
density in the eye wall could indicate the intensity of a
strengthening typhoon (Pan et al., 2010). Price et al.
(2009) analyzed lightning data detected by WWLLN
for 58 hurricanes during 2005–2007, and showed that
lightning frequency and hurricane strength (i.e., maxi-
mum sustained winds) were positively correlated, with
an average correlation coefficient of 0.86. Pan et al.
(2014) studied lightning in 69 tropical cyclones over
Northwest Pacific, and found that in more than half of
the weak (levels 1–3) and strong (levels 4–5) typhoons,
the peak value of lightning usually occurred before the
maximum wind speed was attained. Yang et al. (2011)
analyzed lightning during different intensity stages of
46 tropical cyclones using the distribution character-
istics of radar reflectivity and ice scattering from the
TRMM data, and found that the spatial distribution
of lightning differed for storms at different intensities.
Diurnal variation of lightning above the sea has been
shown to have two peak values, occurring respectively
in the afternoon and morning (Pan et al., 2013).

3.4 Compact intra-cloud discharge and strong

convection

In the last two decades, a special type of light-
ning discharge named CID (Compact Intra-cloud Dis-
charge) or NBE (Narrow Bipolar Event), has caused
widespread concern. CIDs are different from regular
lightning discharge processes. This kind of discharge
has a small discharge scale and a short duration of
about 10–20 μs, with extremely strong high and low
frequency radiation, one order of magnitude larger
than that of regular intra-cloud discharge (Smith et
al., 1999; Zhu et al., 2007, 2010; Wang et al., 2012).
Based on 3D CID location results, Wu et al. (2011)
found that the discharge height of negative CIDs was
generally comparable to that of the tropopause, and
the negative CIDs were much less abundant than posi-
tive CIDs. These results indicated that negative CIDs
were probably produced in extremely vigorous thun-
derstorm processes, and may therefore reveal strong

convective activity. CIDs tend to occur at top and
middle levels of thunderstorms. These discharges can
be produced not only in regions with strong radar
echo, but also in regions with lower than 30-dBZ radar
echo in the later stage of a thunderstorm. The height
of CIDs might be related to the ionosphere height, but
no significant relation has been found. Using LMS,
Wang et al. (2012) analyzed 236 CIDs observed in
Binzhou, Shandong Province during the summers of
2007–2008, and found that CIDs occurred at altitudes
between 7 and 16 km with a peak power ranging be-
tween 12 and 781 kW in the 267–273-MHz band. Lü
et al. (2013) reported that NBEs in the Daxing’anling
region tended to occur during the relatively active pe-
riod of lightning discharges. NBEs tended to cluster
around the area of a particular convective core with
high radar echo, and most gathered at the front area of
convective cores. The position of NBEs moved consis-
tently with the movement of the particular convective
cores.

4. Relationship of lightning to dynamic and

microphysical processes and precipitation

Strong convective weather systems are character-
ized by dynamic, microphysical, and electrochemical
processes. Dynamic processes are characterized by
strong updrafts, down bursts, and horizontal wind
shear. Microphysical processes include all kinds of
particle growth and phase change. The electrical
processes denote electrification, charge distribution
changes, and discharge process. All of these processes
influence each other. Usually, lightning occurs where
an updraft is strong enough to support the coexistence
of a mixed phase region with graupel and liquid wa-
ter. Carey and Rutledge (1998) found that CG light-
ning had a very close relationship with graupel. CG
lightning was generally located in a strong radar echo
region, but was not completely consistent with the
strong updraft. Based on radar data, lightning detec-
tion and electric field sounding, Bruning et al. (2007)
observed a multi-cell thunderstorm. They proved that
there were many graupel particles at the occurrence
of the first lightning, and that the strong electric field
was caused by electrification from ice particle collisions
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in the updraft. Lightning frequency and ice particle
content were positively correlated.

Zhou et al. (2002) found that lightning and con-
vective precipitation were correlated, and lightning
could therefore be used to estimate precipitation in
general convective weather. Meanwhile, lightning fre-
quency and unstable stratification maximum energy
could indicate the occurrence and development of con-
vectional weather (Zhou et al., 1999). Feng et al.
(2007) combined ground-based radar and lightning lo-
cation data with LIS, PR, and TMI data from the
TRMM satellite, and found that convective precipita-
tion comprised more than 85% of the total precipita-
tion in hailstorms, and the correlation of the lightning
and convective precipitation could be used to identify
the convective precipitation area effectively. Based on
multi-sensor data from the TRMM satellite, Yuan and
Qie (2010a) studied lightning activity and its relation-
ship with the precipitation structure of a strong squall
line in South China, and found that the majority of
lightning occurred in the convective region. The ver-
tical profile of the maximum radar reflectivity of the
convective cell may be a good indicator of lightning
frequency and convective intensity. For the cell ac-
companied by the highest frequency of lightning, the
radar reflectivity at each height level was usually the
largest, and the reflectivity lapse rate was the smallest
over the frozen layer, and vice versa, for the cell with
the lowest frequency of lightning. Zheng et al. (2004)
analyzed a frontal cyclone system that occurred in the
Huaihe River basin, and the results showed that light-
ning occurred in the strong convective precipitation
cloud influenced by the cold front; no lightning oc-
curred in the warm front. Precipitation profiles with
high lightning frequency usually contain a high density
of ice particles. The precipitation profile of a thun-
derstorm with different lightning frequency is differ-
ent. The higher lightning frequency corresponded to
the greater precipitation above 5-km height inside the
thunderstorm. Hence, thunderstorms with more fre-
quent lightning had more ice particles above the frozen
layer (Ma et al., 2012).

To realize lightning parameterization in a global
or mesoscale model, it is necessary to obtain a quanti-

tative relation between the lightning activity and the
dynamic and microphysical parameters of the thun-
derstorm. Research in this area has most recently
used the TRMM satellite multi-sensor data. Yuan and
Qie (2008) found that lightning frequency and param-
eters of thunderstorms, such as the top of thunder-
storm, frozen layer thickness, and minimum temper-
ature, showed an exponential relationship; for both a
precipitation system or a convective cell, the relation-
ship between lightning frequency and ice-phase pre-
cipitation content from 7 to 11 km remained relatively
stable, and the correlation coefficient was greater than
0.7. Their work provides a possible lightning param-
eterization scheme that might be used widely in re-
gional or global models.

5. Charge structure of a thunderstorm: Obser-

vation and simulation

An essential technique in lightning and thunder-
storm research is electric field sounding. This method
has the major advantage of directly detecting the elec-
tric field inside a thunderstorm, and reflecting the ver-
tical distribution of the charge along the sounding
path. Electric sounding experiments have played an
essential role in recognizing the charge distribution of
different thunderstorms, and promoting the research of
thunderstorm electrification mechanism, charge struc-
ture and its relationship with storm dynamics and
lightning initiating mechanisms (Marshall et al., 1995;
Stolzenburg et al., 1998).

5.1 Sounding of the charge structure inside a

thunderstorm

In as early as 1937, Simpson and Scrase (1937) ob-
tained direct scientific evidence of the tripole charge
structure inside thunderstorms by using the electric
field sounding. This simplified tripole charge structure
model remained widely accepted for more than half a
century. More recent electric field sounding data have
shown that the real charge structure is much more
complex for most of the thunderstorms. Marshall et
al. (1995) observed 11 electric field soundings and cor-
responding thermodynamic parameters for multicell
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and supercell thunderstorms in the southern Great
Plains of the US. They found that the charge struc-
ture in the weak updraft area was complex, with 7–9
charge regions below 10 km, while the charge struc-
ture was simple in the strong updraft area with 3–
5 charge regions below 10 km. Using 49 electric
field soundings, Stolzenburg et al. (1998) investi-
gated three categories of thunderstorm system, includ-
ing MCSs, supercells in the southern Great Plains,
and small thunderstorms in New Mexico mountain re-
gion of the US. Their results showed that the convec-
tive regions of the three types of thunderstorms had
the same basic charge structure: in the updraft area
there were four vertical, alternating polarity charge
regions and the lowest charge zones were positively
charged. Figure 7 graphically displays their findings.
The charge structure outside the updraft region (still
in the convective region) included six vertical alter-
nating polarity charge regions, with the lowest charge
region still positively charged. The height of the
basic charge regions inside the three thunderstorms
increased in line with the updraft of the thunder-
storm.

Tessendorf et al. (2007) revealed the existence
of inverted charge structure of thunderstorms. Us-
ing 3D LMA data from the STEPS experiment, they
analyzed lightning radiation sources of two thunder-
storms, and found that one thunderstorm showed

a normal tripole charge structure with the middle
layer negatively charged. Although the upper nega-
tive shield charge region was not reflected, the charge
structure was consistent with electric field sounding
results in view of the charge region involved in the
discharge. The other thunderstorm had an inverted
charge structure with positive charge at the middle
level, opposite to a normal charge structure. The
inverted charge structure usually occurred in super-
cell storms, accompanied by tornadoes or other disas-
trous weather (MacGorman et al., 2005). Zhang et al.
(2004) utilized the LMA lightning data to analyze the
lightning characteristics of a supercell storm and found
that the spatiotemporal distribution of lightning holes
and rings corresponded to updrafts and downdrafts.
Lightning holes usually appeared before a tornado,
and became most obvious during the tornado stage.
During the period of high frequency +CG lightning,
the main convective region of the thunderstorm had an
inverted tripole charge structure, with +CG lightning
produced by the positive charge at the middle level.
The –CG lightning was mainly located in the anvil re-
gion of the thunderstorm. The cloud anvil showed a
dipole charge structure, and a high frequency of –CG
lightning was generated in the upper negative region
(Zhang et al., 2004).

Over the inland plateau of China, thunderstorms
often present with a special charge structure. Qie et

Fig. 7. Conceptual model of the charge structure in the convective region of a thunderstorm. [From Stolzenburg et al.,

1998]
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al. (2005, 2009) comprehensively analyzed the sur-
face electric field and lightning charge source location
of a large number of thunderstorms. Some thunder-
storms showed an abnormally large positive charge
at the lower level, and the proportion of this type
of thunderstorms gradually increased with average al-
titude, adding to the evidence for the predominance
of larger lower positive charge region (Liu et al.,
1989). Based on corona probe sounding techniques,
the charge structure of a thunderstorm that occurred
in Gansu Province, China was observed by Zhao et
al. (2009). Their results showed that the thunder-
storm presented a negative charge region at the mid-
dle level, and positive charge regions at the upper
and lower levels with the lower positive region larger
than the normal tripole, further confirming the above-
mentioned conclusions. Recently, based on 3D local-
ization of wideband electric field change pulses, Li et
al. (2013) analyzed the charge structure of a thunder-
storm in Qinghai Province, China. They found an in-
verted dipole charge structure at the development and
mature stage of the thunderstorm, with four charge
layers (positive-negative-positive-negative) at the dis-
sipating stage, at heights of 5.0, 4.0, 3.0, and 1.8 km,
respectively.

5.2 Simulation of charge structure in thunder-

storms

Increasing computing speeds have made it pos-
sible to study thunderstorm electrification and dis-
charge processes by using high resolution numerical
simulations. The simulation of dynamic-electrification
coupling has already become an important research
topic. There are three main advantages of simulations.
First, complex interaction of the microphysical pro-
cesses with the electrification, discharge, and dynamic
processes can be unraveled. Second, simulations can
provide high spatiotemporal resolution data for dif-
ferent physical processes, going some way to remedy
the deficiency of thunderstorm observations. Third,
all kinds of electrification, discharge mechanisms, and
theoretical hypotheses can be effectively and econom-
ically verified.

The noninductive electrification mechanism is

considered to be the major electrification mechanism
in strong convective weather (Takahashi, 1978; Saun-
ders et al., 1991). In this mechanism, charge separa-
tion is caused by bouncing collisions between large and
small ice particles in the mixed phase region, and does
not require an external electric field. The noninduc-
tive electrification mechanism results in a fast charg-
ing rate. Moreover, the reversal temperature, which
affects the polarity of charge transferred, is a key fac-
tor in determining the charge structure. The inductive
electrification mechanism of hydrometeor particles de-
pendent on the environmental electric field also plays
an important role at the initial stage of the electrifi-
cation of thunderstorms.

With the gradual improvement of models and in-
creased availability of observational data, the simu-
lated charge structure of thunderstorms has become
increasingly accurate. Mansell et al. (2005) compared
five different noninductive electrification schemes, us-
ing a 3D thunderstorm model that considered both the
inductive and the noninductive electrification mecha-
nisms. They found that three had a normal tripole
charge structure (negative region in the middle), while
the other two were mainly dependent on the riming of
graupel particles. Although lightning propagation and
breakdown processes are relatively complicated, it is
possible to establish lightning discharge parameteriza-
tion schemes on the basis of the electrification model
with a high temporal and spatial resolution. A large
number of studies on charge structure and discharge
processes were based on the thunderstorm model de-
veloped from hailstorm models in China (Yan et al.,
1996; Zhang et al., 2000; Sun et al., 2002; Tan et al.,
2007). The simulation of real thunderstorms is also
gathering attention of more researchers (Guo et al.,
2007; Zhou and Guo, 2009; Liu et al., 2014). Tan et al.
(2006) adopted the lightning parameterization from
Mansell et al. (2002) into a 2D high resolution thun-
derstorm model, and the lightning discharge channel
structure and propagation characteristics were repro-
duced well. The model resolution reached 12.5 m, and
the simulation results well represented the discharge
characteristics of the channel and the development of
bi-directional leaders.
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In order to simulate large-scale thunderstorms
more realistically, simulations of charge structure
based on the mesoscale NWP (numerical weather pre-
diction) models have been developed in recent years.
Huang et al. (2008) simulated lightning activity by
coupling electrification and discharge processes in the
mesoscale model GRAPES (Global/Regional Assim-
ilation and Prediction System) of China, which pro-
vided a background field for a nested cloud-scale
model. Li et al. (2012) and Liu et al. (2014) intro-
duced two noninductive electrification schemes. Taka-
hashi (1978; abbreviated as Takahashi78) and Saun-
ders and Peck (1998; abbreviated as Saunders98) im-
planted lightning discharge parameterization schemes
into the RAMS (Regional Atmospheric Model Sys-
tem) model v6.0, and found that the simulated thun-
derstorm showed a tripole charge structure under the
Takahashi78 electrification scheme and changed from
a dipolar to tripolar charge structure under the Saun-
ders98 scheme. The simulated lightning frequency was
consistent with observation. Xu et al. (2012) simu-
lated the charge structure of a supercell in the WRF
(Weather Research and Forecasting) model, which was
coupled with electrification and discharge processes.
The results showed a tripolar charge structure with a
positive charge region between –40 and –60℃, a main
negative charge region between –10 and –30℃, a lower
positive region near the 0℃ layer, and a maximum to-
tal charge density approximated to 2 n Cm−3. The
simulated results also showed that the squall line pre-
sented a dipolar charge structure, and the maximum
charge density was less than that in the supercell. Dur-
ing the mature stage of the squall line, the simulated
lightning activity was similar to observation.

6. Assimilation of lightning data and forecast-

ing of severe convective weather

Due to a wide detection range, small terrain ef-
fects, and continuous observation, lightning data have
a potential application in the monitoring, early warn-
ing, and forecasting of strong convective weather sys-
tems. With the accumulation of high quality lightning
location data, lightning data assimilation has become

an important research topic.
The exploration of lightning data assimilation

methods has received substantial attention. Alexan-
der et al. (1999) were early investigators of lightning
data assimilation techniques. They established a rela-
tionship between lightning and precipitation ratio with
a classic image processing method using microwave
sounding data and CG lightning data, and applied it
in the MM5 model. This lightning data assimilation
technique was shown to improve the 12–24-h precipi-
tation forecast of a superstorm event. Mansell et al.
(2007) added NLDN and LMA lightning into the cou-
pled ocean-atmosphere mesoscale prediction system
(COAMPS), and utilized lightning data to control the
convective parameters of the model, producing simu-
lated precipitation that accurately matched with the
observations. Li et al. (2008) obtained a relationship
between lightning and convective precipitation by us-
ing the TRMM satellite data, and assimilated the con-
vective precipitation retrieved by LIS data into the ini-
tial field of the ARPS (Advanced Regional Prediction
System) model. To a certain extent, the predicted cen-
ter and intensity of heavy rain in the Jianghuai region
was improved. Based on MM5 model and the light-
ning and precipitation data of the TRMM satellite,
the relation between lightning and precipitation rate
was established by Pessi and Businger (2009). They
added the relation into the MM5 model, and obtained
reasonable results for a low-pressure system in North
Pacific. Combining the methods from Papadopoulos
et al. (2009) and Mansell et al. (2007), Ran and
Zhou (2011) conducted a nudging assimilation of wa-
ter vapor and cloud hydrometeors using TRMM light-
ning data. Improvements in short-term rainfall fore-
casts were achieved for three short-term precipitation
events. The distributions of the hydrometeor parti-
cles in a thunderstorm play an important role in light-
ning occurrence. Fierro et al. (2012) established the
nudging function of the water vapor mixing ratio and
graupel mixing ratio with lightning frequency, and the
high-precision lightning data were assimilated into the
WRF model. A thunderstorm with a tornado was
well simulated, and the convection forecast was signifi-
cantly improved. Recently, Qie et al. (2014) establish-
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ed empirical relations between total lightning flash
rate and the ice particle (graupel, ice, and snow) mix-
ing ratio. The constructed nudging functions were
used in the WRF model, and they found that the rep-
resentation of convection was significantly improved
one hour after the total lightning data assimilation,
even during the assimilation period. The precipita-
tion center, amount, and coverage were all much closer
to the observation in the sensitivity run with lightning
data assimilation than in the control run without light-
ning data assimilation.

Besides the application of lightning data to con-
vective weather forecasting, lightning forecasting it-
self is also an important issue. Zheng et al. (2005)
used lightning data for the Beijing area combined
with sounding data, and found that lightning was
associated with the potential convective stability in-
dex, uplift index, convective available potential en-
ergy (CAPE), and potential temperature at 700 hPa.
Based on the analysis of the multi-parameter predic-
tion of lightning probability, the diagnostic indicator of
lightning forecasting was determined. Strong updraft
and sufficient water vapor resulted in more ice parti-
cles, which had a direct effect on electrification and dis-
charge (Zheng et al., 2007). Based on the above stud-
ies, a lightning monitoring and early warning system
was developed by the Chinese Academy of Meteoro-
logical Sciences, as described by Zhang et al. (2006b).
Based on multiple parameters, multi-algorithms inte-
gration technology, and weather forecast products, the
potential lightning area and the probability of light-
ning occurrence in 0–2 h were obtained by the com-
prehensive prediction method. According to the cor-
relation between lightning density and radar echo, a
forecast scheme of CG lightning was established and
coupled with the GRAPES model (Wang et al., 2010).
It is found that the scheme could forecast the light-
ning center in 6 h, and the predicted lightning density
was consistent with the observation for two thunder-
storm cases in South China. McCaul et al. (2009) es-
tablished a regression equation for prediction of light-
ning density based on the statistical correlation be-
tween ice particles and lightning density. The fore-
casted lightning zone and trend in 6 h for a supercell

storm with a tornado and a hailstorm was consistent
with the observations. Barthe et al. (2010) simu-
lated a strong thunderstorm and an air mass thun-
derstorm in a plateau region using the WRF model.
They investigated the lightning forecasting ability by
using different physical quantities (falling ice mass, ice
water path, and ice quantity flux, updraft, maximum
updraft, and cloud top) and obtained decent results.
Yair et al. (2010) introduced a new lightning poten-
tial index into the WRF model, and forecasted the
occurrence of lightning by using the observed light-
ning data. They found that the forecasting ability for
strong convective weather was much improved in pre-
dicting the lightning distribution region and the pre-
cipitation of three thunderstorms that occurred in the
Mediterranean.

7. Conclusion

In this paper, the recent research advances in
lightning meteorology are reviewed, with a focus on
the research conducted in China. Advanced light-
ning detection and location technology are summa-
rized, and their important role in the study of light-
ning meteorology is discussed. Lightning phenomena
in different strong convective weather systems such as
hailstorm, squall lines, and typhoons are reviewed, and
the relationship of lightning and dynamic, microphys-
ical processes and precipitation of thunderstorms are
discussed. The charge structure of a thunderstorm
is also discussed in terms of both observational and
simulation results. The lightning data assimilation
method and lightning data application in strong con-
vective weather forecasting are finally elaborated.

The comprehensive understanding of lightning ac-
tivity is very difficult, because of the complexity in
the strong convection weather systems and the differ-
ences between individual storms, in addition to the
difficulty of accurate detection of lightning. Many sci-
entific questions remain unanswered. The current un-
derstanding of lightning activity in different weather
systems is still very limited in China. High accuracy
and high resolution lightning location technology is
crucial for the study of lightning meteorology, and is
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also the basis of application of lightning data in severe
convective weather forecasting. The technology of 3D
VHF radiation source location could map lightning
discharge with high time and spatial accuracy. The
electric field and comprehensive meteorological sound-
ings are the most direct measurement approaches ap-
plied to the understanding of electrification in thun-
derstorms. Both the 3D VHF radiation source loca-
tion technology and electric field sounding have been
well developed in the US, but not in China. Although
the LMS, which is similar to the LMA, has been de-
veloped by the Cold and Arid Regions Environmental
and Engineering Research Institute, Chinese Academy
of Sciences (Zhang et al., 2010), there is still no ca-
pability of real-time lightning location or monitoring.
Research into the electric field sounding of thunder-
storms is progressing (Zhao et al., 2009), but only
strong electric fields can currently be detected, and
the related data are also very limited. Research along
this direction should continue to be of high priority in
China.

Electrification, lightning, dynamic and micro-
physical processes in thunderstorms and their rela-
tionships are important scientific issues of lightning
meteorology. It is very important to study the char-
acteristics of lightning activities in different strong
convective weather systems, and also the relationships
between the dynamics and the microphysical struc-
ture of thunderstorms based on lightning detection
and location networks, by using Doppler-polarization
radar observations and the electric field sounding in-
side thunderstorms. The above mentioned issues are
the key problems in lightning meteorology today, and
will provide the theoretical basis for the application of
lightning monitoring in forecasting of strong convec-
tive weather.

Lightning data assimilation methods and their
application to numerical simulations and predictions
will provide supplementary methods to improve short-
term severe convective weather forecasting. With the
complementary radar data to lightning data, the ac-
curacy of convective activity information in the model
initial field could be improved, and the ability of the
short-term forecasting of strong convective weather

could be further enhanced. This is an important and
promising research direction. In addition, carrying
out lightning prediction and improving the ability of
lightning disaster forecasting will also be an important
research direction and application target of lightning
meteorology in the future.
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