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ABSTRACT

A thunderstorm tracking algorithm is proposed to nowcast the possibility of lightning activity over an area of concern
by using the  total  lightning data  and neighborhood technique.  The lightning radiation sources  observed from the  Beijing
Lightning  Network  (BLNET)  were  used  to  obtain  information  about  the  thunderstorm  cells,  which  are  significantly
valuable  in  real-time.  The  boundaries  of  thunderstorm  cells  were  obtained  through  the  neighborhood  technique.  After
smoothing,  these  boundaries  were  used  to  track  the  movement  of  thunderstorms  and  then  extrapolated  to  nowcast  the
lightning approaching in an area of concern. The algorithm can deliver creditable results prior to a thunderstorm arriving at
the area of concern, with accuracies of 63%, 80%, and 91% for lead times of 30, 15, and 5 minutes, respectively. The real-
time  observations  of  total  lightning  appear  to  be  significant  for  thunderstorm tracking  and  lightning  nowcasting,  as  total
lightning  tracking  could  help  to  fill  the  observational  gaps  in  radar  reflectivity  due  to  the  attenuation  by  hills  or  other
obstacles. The lightning data used in the algorithm performs well in tracking the active thunderstorm cells associated with
lightning activities.
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Article Highlights:

•  Thunderstorm cells are identified by using a neighborhood technique and thunderstorm movements are tracked with the
lightning locations.

•  Lightning activities in the area of concern are nowcasted 5–30 minutes earlier than that observed from radar.
•  The identified thunderstorm cells are validated with radar data.

 

 
 

 

1.    Introduction

Lightning  can  damage  properties  and  increase  the  risk
of human injury. Holle (2008) reported a worldwide annual
fatality rate that could be as high as 24 000 per year or, equi-
valently, six deaths per million people. In some regions, light-
ning  shows  a  significant  increasing  trend  (Romps  et  al.,
2014; Qie et al., 2020a, 2021), and may lead to increased fatal-
ities  and  future  economic  losses.  Therefore,  to  reduce  the
risk of  injury,  wildfire,  and damage caused by lightning in
densely populated areas, the development of an early warn-

ing  system  for  lightning  activity  in  an  area  of  concern
(AOC)  has  become  essential.  Residents  of  communities  or
users  of  public  areas,  such  as  farms,  airports,  stadiums,
schools, recreational facilities, and other similar areas, usu-
ally  benefit  by  knowing  the  occurrence  of  thunderstorms
and  lightning  in  advance.  For  example,  airport  operations
are  affected  by  disruptions  in  ground  maintenance,  and
flight  takeoff  and  landing  and  may  not  proceed  efficiently
due to frequent lightning strikes.

A  lightning  warning  should  be  initiated  at  the  begin-
ning  of  a  thunderstorm  and  earlier  than  the  first  lightning
flash over a selected larger Warning Area (WA) and another
warning  should  be  given  before  the  thunderstorm  reaches
over  the  AOC  (Aranguren  et  al.,  2009; Yair  et  al.,  2010;
Murphy et al., 2016). These lightning warnings can be imple-
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mented  in  a  fixed-point  or  continuous  storm  tracking
method within a few minutes to hours of lead time (Betz et
al.,  2008; Srivastava et  al.,  2015).  Various data  and instru-
ments like electric field mills, lightning location systems, Met-
eosat infrared imagery, and single-site meteorological obser-
vations have been applied to lightning warnings in an AOC
up  to  hours  of  lead-time  (Karagiannidis  et  al.,  2016; Ben-
nett, 2018). These types of forecasting have been improved
using stochastic methods and artificial intelligence (Németh
and Kiss, 2009; Srivastava et al., 2015). Recently, machine
learning has been proposed to predict the occurrence of light-
ning  within  a  selected  location  and  time  interval  by  using
weather data (Moon and Kim, 2020).

Lightning  is  closely  associated  with  the  vigor  of  the
updraft in convective cells,  but typically, the forward path-
way of convective cells cannot be perfectly predicted due to
stochastic  changes  in  speed  and  direction  (Murphy  and
Holle,  2006).  Nevertheless,  the  use  of  total  lightning  data
alone  [in  consideration  of  both  the  intra-cloud  (IC)  and
cloud-to-ground (CG) lightning] can play a vital role in thun-
derstorm tracking and lightning warning (Betz et al., 2008).
Other  than  this,  EarthNetwork  (a  commercial  network)
shows  dangerous  thunderstorm  alerts  (DTAs)  using  light-
ning data around the WA (Stock et al., 2018). However, light-
ning  location  network  tracking  references  do  not  give  a
detailed methodology, and observers can only make assump-
tions based on real-time observations and experience. Apart
from  lightning  data,  other  thunderstorm  tracking  methods
such as radar data are widely used (e.g., Dixon and Wiener,
1993; Johnson et al., 1998; del Moral et al., 2018). Based on
radar  data,  thunderstorm  tracking  has  approached  reason-
able  goals.  We  believe  that  the  full  detailed  methodology
and tracking will open a new direction for research and applic-
ations  regarding  improvements  in  thunderstorm  tracking
with  lightning  location  networks  used  in  combination  with
radar- and satellite-based observations. Thus, a comprehens-
ive thunderstorm tracking methodology can benefit by using
total lightning data in addition to radar data.

Once thunderstorm tracking issues a lightning warning
over the AOC, an associated concern is to forecast the possib-
ility of severe weather (hail, strong winds, flash floods, and
other  associated events).  As we know,  a  lightning warning
and  severe  weather  can  coexist  over  an  AOC  simultan-
eously.  Based  on  lightning  location  network  data,  several
methods  have  been  introduced  to  initiate  a  severe  weather
warning,  including  the  lightning  jump  algorithm  and  the
changes in the dominant  positive CG (Schultz  et  al.,  2009,
2011; Chronis et al., 2015; Miller et al., 2015; Farnell et al.,
2017).  Williams  et  al.  (1999)  suggested  that  short-term
increases of IC flash rate are correlated with rapidly develop-
ing  strong  convection,  which  can  often  be  followed  by
severe weather. A severe weather identification method has
been  implemented  separately  without  considering  thunder-
storm  tracking  or  AOCs  over  Beijing  (Tian  et  al.,  2019).
This study mainly focuses on thunderstorm tracking and light-
ning warnings over an AOC, and is separate from the issu-

ance of a severe weather warning.
In this work, we will introduce a thunderstorm tracking

algorithm using a lightning location network, track the mov-
ing  path  of  a  thunderstorm,  and  predict  thunderstorms  and
lightning with a suitable lead time. The total lightning (CG
strokes and IC pulses) data are employed to identify the sus-
pect convective cells and to warn of possible lightning in an
AOC. In addition, neighborhood and smoothing techniques
are  utilized  to  distinguish  the  boundaries  of  convective
cells.  Furthermore,  radar  reflectivity is  used to validate  the
identified cells with the total lightning data. Thunderstorms
with  total  lightning  data  are  used  to  examine  the  forecast
accuracy in  the  AOC. Here,  only lightning location data  is
used in the proposed algorithm, which is the simplest to imple-
ment.  Thus,  only the convective cells  with active lightning
activities can be tracked.

The remainder of this paper is organized as follows: Sec-
tion  2  outlines  the  lightning  and  radar  data,  section  3  dis-
cusses the approach and methodology of the algorithm, sec-
tion 4 reviews the observational results from three case stud-
ies, and section 5 provides a summary and conclusion.

The  algorithm  discussed  in  this  paper  could  be  exten-
ded to  severe  weather  warnings  in  an  AOC,  but  this  paper
provides only an outline for implementing a severe weather
warning  over  an  AOC  and  does  not  focus  explicitly  on
severe weather. 

2.    Data
 

2.1.    Lightning data

The analyzed lightning dataset is acquired from the sum-
mer  campaigns  of  the  “Dynamic-microphysical-electrical
processes  in  severe  thunderstorms  and  lightning  hazards
(Storm973)”  Program (Chen  et  al.,  2019; Liu  et  al.,  2020;
Lu et al., 2021; Qie et al., 2020b). A lightning location net-
work developed in Beijing, China, named the Beijing Light-
ning  Network  (BLNET),  includes  16  stations.  These  sta-
tions  are  distributed  in  various  locations  in  Beijing  with  a
range  of  110  km  from  east  to  west  and  of  120  km  from
north  to  south,  and  each  station  has  multi-frequency  band
(VHF,  LF,  VLF)  sensors  (see Fig.  1).  The  real-time  light-
ning locations are obtained by a LF sensor network with a fre-
quency  bandwidth  from  1.5  kHz  to  2  MHz  (Wang  et  al.,
2016).  The BLNET can detect  total  lightning (CG and IC)
with high detection efficiency (DE) and good location accur-
acy  (LA)  (Srivastava  et  al.,  2017).  Cloud  to  ground  (CG)
strokes  and  IC  pulses  are  differentiated  based  on  a  sensor
waveform. The BLNET performance, as evaluated by Srivast-
ava et al. (2017), disclosed a DE of 93.2% and a LA of 52
meters achieved in three dimensions. The total lightning activ-
ities are consistent with the radar reflectivity, which helps to
validate the identified thunderstorm. 

2.2.    Radar data

The  radar  reflectivity  used  in  this  study  is  obtained
from  the  Chinese  meteorological  administration's  S-band
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Doppler  radar,  which  is  located  in  the  southern  part  of
Beijing  (39.814°N,  116.472°E).  It  covers  a  230  km  radius
and  conducts  nine-level  elevation  scans  (0.5°−3.4°)  with
6-minute intervals. The composite radar reflectivity is used
in this study. 

3.    Methodology for forecasting and warning

In this section, the thunderstorm tracking and the light-
ning forecasting algorithms are described in five basic steps.
To explain the methodology, we assumed some parameters,
as shown in Fig 2. At the instant time TO2 that is equal to
TF1, the assumptions are: (i) Cell A is at X02 and cell B is
at  XF1. (ii)  Cell  B  started  from  X01  at  time  TO1  further
back than cell A. (iii) In the next step after time TF1, the cor-
responding positions of cell  A and cell  B will  be XN2 and
XN1,  respectively.  (iv)  The  ellipse  is  the  forecasted  cell
over  XN  at  the  time  TN  that  is  the  same  as  TN1  or  TN2.
Based on the nature of these assumptions, the tracking and
forecasting  details  will  be  given  in  the  following  subsec-
tions. 

3.1.    Cell identification

The  lightning  pulses  (lightning  radiation  sources)
obtained  by  BLNET  are  converted  into  a  density  map  in
real-time. In the cell identification process; first, the area of
observation is converted to grids with the size of 4 km by 4
km. The total numbers of pulses located in each grid are coun-
ted  in  10-minute  intervals,  which  are  updated  every  two

minutes according to the latest observations. The 10-minute
selection could vary for different networks based on the avail-
able  data  sets.  However,  the  2-minute  update  is  fixed  to
observe the sudden changes earlier and to reduce the black-
out time. It is assumed that if the total number of pulses occur-
ring in the grids exceeds a certain threshold then those grids
are considered active. Here, we considered the threshold to
be  five,  which  is  an  arbitrary  number  and  is  dependent  on
the  performance  of  a  particular  network.  By  the  observa-
tion of BLNET, more than 400 pulses could be located for a
single flash (Srivastava et al., 2019; Yuan et al., 2020). Dur-
ing  the  initial  stage  of  development,  we  overlapped  radar
and  lightning  data  to  choose  the  grid  size  and  found  that
most  grids  of  cells  exceed  the  threshold.  Although  few  of
the cells have less than five pulses, and sometimes even one
or  two  pulses,  that  did  not  overlap  with  the  radar,  we
assume that there could be detection errors in the lightning
location system. Excluding those grids below the threshold,
the confidence of the density map is enhanced. Thenceforth,
all the active grids were used to obtain the boundaries of thun-
derstorm cells using the neighborhood technique. The neigh-
borhood technique suggests  that  all  grids  connected in  any
of  the eight  directions are  from the same cell  (Gonzalez et
al.,  2004).  An  example  is  shown  in Fig.  2;  all  the  active
grids marked in gray are divided into two cells. These cells
are denoted as cell A and cell B, and their boundaries are iden-
tified,  which are symbolized by black polygons.  To facilit-
ate easy understanding of the pictures and in the interest of
being  user-friendly,  the  density  map  will  not  be  shown  in

 

 

Fig. 1.  All 16 sites of BLNET are shown as black squares distributed in the
range of around 110 km from east to west and 120 km from north to south.
The  gray  box  is  near  the  Capital  Airport  area,  which  represents  a  warning
area. The radar is located near the NY sensor and is marked with a star.
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the results section. 

3.2.    Cell tracking

As  the  identified  boundaries  of  thunderstorm  cells  are
not precise enough for tracking,  we smooth the boundaries
by  using  the  moving  average  method.  Two  different
approaches  were  considered  in  locating  the  centroid  of  the
cell  for  tracking  the  thunderstorm path.  The  first  approach
took each active grid with a number of pulses below a given
threshold  (a  threshold  value  of  25  was  considered  for  the
cases  consider  in  this  paper,  the  selection  of  threshold
depends  on  the  performance  of  the  lightning  location  net-
work). By doing this, the centroid is directly acquired from
the mean of the obtained points from the polygon boundar-
ies. In the second approach, for a cell of grids with their num-
bers  of  pulses  larger  than  that  of  the  threshold  pulses,  the
grid  with  the  highest  number  of  pulses  was  considered  the
centroid of that particular cell. The obtained centroid is con-
sidered as the initial position of the cell, thereafter, the same
procedure is used to identify the following positions in a 2-
minute interval. The 10-minute density maps with cell identi-
fication  were  updated  every  two  minutes  by  following  the
new  observations,  as  explained  in  the  previous  section.
Based on these centroids, the direction and displacement of
a thunderstorm were obtained.

xn,yn)
xn−1,yn−1)

Here we took the centroid position at (  and the pre-
vious  centroid  position  at  ( .  Then  the  displace-
ment  and  direction  of  a  thunderstorm  are  obtained  using
Eqs. (1a) and (1b): 

r =
√

(xn− xn−1)2+ (yn− yn−1)2 , (1a)
 

θ = tan−1 (yn− yn−1)
(xn− xn−1)

, (1b)

In Fig.  2,  the  path  of  a  thunderstorm  is  shown  in  black
arrows. Here, TO1 represents the initial time at the starting
location of the thunderstorm, and TF1 shows the present posi-
tion of the identified cell. 

3.3.    Cell merging and splitting

Over  the  course  of  the  lifecycle,  it  is  commonly
observed that it could merge into a strong extensive convect-
ive system, or split into smaller cells, which might go on to
be  identified  as  more  than  one  cell.  The  single-cell,  multi-
cell, and squall lines are the usual classifications of thunder-
storms,  and  splitting  or  merging  could  happen  more  than
once with a multi-cell or in a squall line. A single cell indic-
ates that no merging or splitting occurred in the system. The
merging process considered in this article is simulated by con-
verting two or more adjoining cells into a single cell consider-
ing the mutual direction of all the convective cells. This direc-
tion  is  obtained  using  Eq.  (2)  and  an  example  is  shown in
Fig. 2. 

TN =

m∑
i=1

TNi

m
. (2)

Here,  TNi (where i indicates  the  number  of  the  cell)
shows the position of each cell, and TN is the average posi-
tion. The merging process usually happens between the devel-
oping and mature stages of a thunderstorm. Conversely, split-
ting is a process in which a single cell or squall line divides
into multi-cells. To obtain this, we consider the discontinu-
ity  due  to  voided  grids  in  the  primary  cell  to  split  the
primary  cell  into  multi  cells.  The  splitting  process  may
occur during any stage of thunderstorm development. Con-
sequently,  during the process of splitting and merging, this
algorithm tracks the direction of a thunderstorm instead of a
single cell. 

3.4.    Extrapolation

Based on the above section, updated direction and dis-
placement of thunderstorm cells are determined, and the pos-
sible  forecast  positions  of  the  cells  can  then  be  acquired.
The  algorithm  now  considers  only  the  first  10  minutes  as
the  initial  condition,  which  is  updated  every  two  minutes,
and the direction and displacement are determined for each
new  position.  The  2-minute  interval  was  selected  to  avoid
the sudden changes in the possible moving direction that res-
ults due to a higher sampling rate. Here, the displacement of

 

Fig.  2.  Two  different  cells  are  identified  to  be  A  and  B  as
denoted by the dark gray polygons in the observation area. The
tracked path of the thunderstorm X01 shows the initial location
of  cell  B  at  time  TO1,  and  the  XF1  arrowhead  shows  the
current location of the cell B centroid at time TF1. Cell A and
cell  B  are  forecasted  in  the  mutual  direction  at  XN  and  the
thunderstorm at TF1 and T02 is divided into two different cells
with their centroids moving toward TN1 and TN2. The TN is
the final time at position XN that could be mutually identified
from cell A and cell B and called a merged cell. The proposed
position  after  a  considerable  time  TN  shows  the  predicted
position of the cell.
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the thunderstorm is obtained via Eq. (3). 

C j =

j∑
i= j−5

Ii

5
, (3)

Ii

where C represents  the  displacement  at  every  updated
instance, j represents the forecast instance, and  represents
the displacement and direction at the ith instance.

In  Eq.  (3),  the  averaging  is  performed  to  improve  the
accuracy  of  the  thunderstorm  movement  in  case  of  a  sud-
den  increase  in  total  lightning  at  any  grid.  Further,  it  also
reduces  the  errors  from  a  large  pulse  density  which  can
accompany long-duration flashes. As shown in Fig. 2, XF1
is the present position and XN is the forecasted position of
the thunderstorm. The new position of  the cell  needs to be
determined in the time needed to issue a lightning warning
in the AOC. Another benefit of the 2-minute sampling out-
put would also allow for the lightning data to be fed into a
severe  weather  warning  algorithm,  which  is  beyond  the
scope of this work. 

3.5.    Nowcasting and warning

Based  on  the  thunderstorm  tracking  methodology,  the
thunderstorm  is  nowcasted  at  the  AOC  at  various  lead
times. The performances of the forecasting methods are evalu-
ated in terms of the probability of detection (POD), the false
alarm  rate  (FAR),  and  the  critical  success  index  (CSI),  as
shown in Table 1. In this work, we propose that a warning
would be generated if  any cell  reaches the AOC (the gray-
colored square in Fig. 3), within the expected time. The warn-
ing system is tested based on the available data and the warn-
ing capability is discussed according to the POD and FAR.
The criteria for testing the algorithm included the number of
hits  determined  correctly  (Hits),  false  alarms  (False),  and
missed cases (Misses). The “Hits” are defined when the cur-
rent observed position overlaps with the corresponding previ-
ous forecast position. The “False” is defined when none of
the current observed positions overlap with the correspond-
ing  previous  forecasted  positions.  The  “Miss ”  is  defined
when the current observed positions are available but none
of  them  correspond  with  the  previous  forecast  positions.
The evaluations of  the forecasting methods are done based
on the above rules and are shown in Fig. 3, which can be for-
mulated as: 

POD = hits/(hits+miss) ; (4)
 

FAR = false/(false+hits) ; (5)
 

CSI = hits/(hits+miss+ false) . (6)
 

4.    Results

We  have  selected  a  small  area  within  the  range  of

BLNET  (refer  to Fig.  1)  to  test  the  warning  algorithm  by
using  the  thunderstorm  tracking  procedure.  Based  on  the
above methodology, 1159 cases from 57 thunderstorm days
were tested around the AOC, and they were selected for test-
ing the prediction performance according to the types of thun-
derstorms. We randomly chose this AOC in a densely popu-
lated area that is larger than the airport. The different perform-
ances with lead times of 5, 15, and 30 minutes are shown in
Table 1. It shows that the capability of the algorithm for now-
casting  decreased  with  increase  thunderstorm  prediction
lead  time.  For  the  5-minute  lead  time,  the  POD  reaches
91.0%  and  the  FAR  is  2.1%.  As  the  FAR  could  be  influ-
enced  by  the  downtime  of  the  lightning  location  network,
the nominal FAR is obtained after excluding this downtime.
For  15-minute  and  30-minute  lead  times,  the  PODs  are
80.0%  and  62.8%,  in  which  the  FARs  are  21.8%  and
33.3%,  respectively. Table  1 clearly  shows  that  the  CSI
decreases with increasing lead time, and it is 47.8% for 30-
minute intervals. It should be noted that the prediction capabil-
ity can be influenced by the size of the selected AOC, i.e. an
average  prediction  will  be  obtained  for  a  smaller  size  of
AOC.

Different  colors  were  designated  to  show  the  distinct

Table  1.   The  success  rate  of  nowcasting  in  the  selected  area  of
concern (AOC). The total number of selected cases is 1159.

Forecast lead time (min) POD FAR CSI

5 91.0 2.1 89.3
15 80.0 21.8 65.4
30 62.8 33.3 47.8

 

Fig.  3.  Three  different  categories  have  been  classified  as  a
predictor:  the  dark  shading  shows  the  present  cell,  and  an
ellipse shows a predicted cell. If any grid of the forecasted cell
overlaps with the identified cell, it is a hits case; if none of the
grids overlapped with, then it is false, and if it is identified but
not a forecast, then it is a miss case.
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aspects of the developed warning system (Fig. 5). The now-
casting starts red and fades to light red (forecasted thunder-
storm) as time elapses from 5 to 30 minutes. In the last sec-
tion of the process, an AOC is shown in a green rectangle.
For the validation of thunderstorm tracking, three observed
cases  of  thunderstorms  are  discussed,  of  which  two  cases
occurred in 2017, and one occurred in 2018. In addition, the
lightning  events  and  the  corresponding  composite  radar
echo of a thunderstorm are presented. 

4.1.    Case 1

On 7 July 2017, a thunderstorm developed and moved
to the southeast, affecting most of the Beijing area. Figure 4
shows the variation of lightning flash rate and percentage of
positive CG (PCG) and CG lightning, based on the BLNET
data. The lightning flash rate exceeded 260 flashes per two
minutes  around  2100  LST  (Local  Standard  Time,  LST  =
UTC + 8). Figure  5a shows an example  at  2130 LST with
all  the  nowcasted  lead-time  predictors  in  the  AOC. Figure
5b shows that at 2148 LST, few grids of the convective cell
overlapped with the active grids of the identified cell. Dur-
ing  this  period,  the  storm  was  in  a  mature  stage,  and  the
centroid moved from northwest of the Airport to Tongzhou
(an  approximate  distance  of  22  km)  with  a  speed  of
73 km h−1. At 2100 LST, the pathway of the convective cell
was overlapped with a few grids of the AOC. Ten minutes
later, the thunderstorm arrived at the northeast corner of the
AOC marked in a yellow color (thunderstorm cell of a poly-
gon) in Fig. 5a. After the first warning, the algorithm was con-

tinuously  nowcasting  every  five  minutes  until  the  thunder-
storm passed over the selected region at 2145 LST. Further-
more, the second phase of cell tracking started at 2305 LST.
The  thunderstorm  was  nowcasted  in  the  next  possible  15
minutes,  although another  warning  was  generated  within  5
minutes. Then the thunderstorm arrived over the AOC from
the southeast corner at the expected time of 2320 LST, and
the  continuous  warning  was  generated  until  the  thunder-
storm  passed  over  the  AOC.  The  algorithm  initially  pre-
dicted that the thunderstorm would pass the selected area at
2335  LST,  but  it  actually  left  the  AOC after  2345  LST as
another  warning  was  generated  at  2340  LST.  The  possible
reason for  this  was that  the speed of  the thunderstorm was
slowing down as it went through the AOC. Later, the thunder-
storm  was  too  weak  to  continue  the  warning  before  it
passed over  the  AOC. The corresponding radar  reflectivity
is shown in Figs. 5c and 5d. The strong radar echo ( > 45 dBZ)
is  approximately  in  the  same  place  as  the  identified  cell
(using  total  lightning  data),  which  indicated  that  the  radar
echo of the thunderstorm is in good agreement with the total
lightning observation. 

4.2.    Case 2

On 13 July 2017, a squall line lasted for six hours and
was associated with hail and heavy rainfall. A forecasted con-
vective cell overlapped with the warning area at 2058 LST,
and  the  nowcast  indicated  that  the  thunderstorm  would
arrive over the warning area within 30 minutes. Due to the
vigorous intensity of the thunderstorm, another warning was

 

 

Fig. 4. The lightning flash rate on 7 July 2017. The left-hand axis shows the
percentage of PCG/CG and the right-hand axis shows the number of flashes
per two minutes.
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started  for  the  next  15  minutes,  at  2110  LST.  From  2058
LST to 2110 LST, the 30-minute nowcast continued to indic-
ate  the  warning.  All  the  warnings  were  stopped  at  2206
LST,  which  means  it  is  a  missed  case.  After  this  missed
case,  another  warning  was  restarted  at  2210  LST  for  an
approaching thunderstorm over  the  selected  area  within  15
minutes. At 2220 LST, a new active grid was detected in the
AOC, and a continuous warning was generated for all time
categories  (5,  15,  30  minutes)  until  2304  LST.  Moreover,
the  5-minute  warning  was  generated  until  2340  LST.  The
squall line weakened at 0006 LST as shown in Fig. 6a and it
finally moved out of the area at 0042 LST as shown in Fig.
6b.  During this  period,  the thunderstorm centroid was near

the Shunyi district and it reached the Pinggu district (around
25 km) with an average speed of 41 km h−1. The correspond-
ing radar echoes of the thunderstorm are shown in Figs. 6c
and 6d. The radar reflectivity above 45 dBZ is in good agree-
ment  with  the  places  of  the  lightning  density. Figure  7
shows the flash rate every two minutes, the flash ratio of posit-
ive CG with CG, and total lightning. The flash rate reached
500 flashes per two minutes at 2300 LST on 13 July 2017,
indicating a dense flash rate during this period.
 

4.3.    Case 3

A  thunderstorm,  consisting  of  two  isolated  convective
cells,  occurred  on  16  July  2018,  which  was  different  from

 

 

Fig.  5.  The  real-time  prediction  and  warning  on  7  July  2017.  The  dark  red  cell  shows  a  presently  identified  cell.  The
thunderstorm’s movement is forecasted in five-minute intervals displayed with the fading red cells. The blue line shows the
historical positions of the initial thunderstorm when it reached within the range of BLNET. The color bar in panels (a) and
(b) shows the time of the one-hour historical cells identified using total lightning. (a) The thunderstorm cell from lightning
data at 2130 LST, (b) thunderstorm cell from lightning data at 2148 LST, (c) thunderstorm cell from radar echo at 2130 LST,
(d) thunderstorm cell from radar echo at 2148 LST.
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the other two cases. One cell moved from southwest to north-
east, and the other cell remained in almost at the same place
and the nowcasting algorithm tested both of them. At 0304
LST two convective cells were identified as cell A near the
AOC  which  was  accompanied  by  significantly  high  light-
ning frequency, and cell B was far from the AOC (see Fig. 8a).
According  to  the  prediction,  cell  A,  would  reach  the  AOC
after  30  minutes,  as  the  faded  red  (forecasted  polygons)
cells  overlapped  with  the  AOC  at  0304  LST.  Later,  the
faded  red  polygon  converted  to  dark  red  (identified  poly-
gon)  and  it  started  to  overlap  with  the  AOC in  every  two-
minute interval. This was a clear indication that the thunder-
storm cell with active lightning activity was moving toward
the AOC until 0332 LST. At 0334 LST, a few grids of the
thunderstorm  cell  overlapped  with  the  AOC,  as  shown  in
Fig. 8b. This is an example of a real-time prediction that suc-
cessfully  nowcasted  the  lightning  activity  over  the  AOC.

The  warning  continued  after  the  thunderstorm passed  over
the AOC. 

5.    Discussions and conclusion

A lightning nowcasting technique is proposed by using
a  thunderstorm  tracking  algorithm  and  lightning  location
data  over  Beijing  area.  Neighborhood  techniques  are
applied  to  BLNET  lightning  location  data  to  identify  the
boundaries  of  the  thunderstorm  cells.  By  using  lightning
data, the proposed algorithm provides a thunderstorm warn-
ing  on  a  designated  AOC before  the  thunderstorm  reaches
the AOC. Although convective cells of thunderstorms could
be predicted in this way, their complete shape or size could
not, thus a similar shape of an observed cell is taken for fore-
casting purposes. Compared with the radar echo, the identi-
fied convective cells are shrinking more than the correspond-

 

 

Fig. 6. The real-time prediction and warning on 14 July 2017. (a) The thunderstorm cell from lightning data at 0006 LST, (b)
thunderstorm cell from lightning data at 0042 LST, (c) thunderstorm cell from radar echo at 0006 LST, (d) the thunderstorm
cell from radar echo at 0042 LST.
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ing  radar  echo,  and  composite  reflectivity  larger  than  45
dBZ corresponds to a lightning data cell. Moreover, the loca-
tions of thunderstorms are the same when detected through
the use of either total lightning data or radar echo. As total
lightning  data  identified  thunderstorm  cells,  the  algorithm
presented in this work can be used as a lightning warning sys-
tem. This result implies that the electrical behavior of thunder-

storms  is  distributed  from the  convective  core  to  the  near-
outer  region  of  radar  echos  above  45  dBZ in  the  Beijing
area.  In  addition,  the  electrical  behavior  was  negligible
around  or  outside  the  outer  region  of  the  radar  echo.  It  is
well documented that the total lightning flash rate and electri-
fication  tend  to  rapidly  increase  and  intensify  within  the
deep convective region. Similar to our results, Makowski et

 

 

Fig. 7. The lightning flash rate on 13 July 2017. The left-hand axis shows the
percentage of PCG/CG and the right-hand axis shows the number of flashes
per two minutes.

 

 

Fig. 8. The real-time prediction and warning on 16 July 2018. (a) The thunderstorm cells from lightning data at 0304 LST.
(b) Thunderstorm cells from lightning data at 0334 LST with the direction towards cell A.
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al.  (2013)  reported  that  the  total  flash  rate  associated  with
deep convection was concentrated near the stronger reflectiv-
ity regions. Nevertheless, the few lightning occurrences that
are located outside of the storm cores are not negligible, sim-
ilar to the more dangerous + CG lightning flashes which fre-
quently  occur  in  the  trailing stratiform region (Yuan et  al.,
2017).  This  work  shows  that  the  total  lightning  algorithm
approach  is  sufficient  for  a  quality  alert  system.  The  oro-
graphic terrain around Beijing can be an obstacle for radar sig-
nals, so the lightning data can fill this gap to some extent.

Although  the  radar  scans  thunderstorms  every  six
minutes,  the  total  lightning  is  measured  instantaneously.
This fact could provide sufficient data and provide for addi-
tional  lead  time.  The  total  lightning  could  offer  a  suffi-
ciently long lead time, especially for the rapid development
of convection. Furthermore, combining radar with lightning
data would be worthwhile. This method could be one of the
future  attempts  to  develop  a  thunderstorm  tracking  system
and a warning system.

As,  a  thunderstorm  may  develop  far  away  from  the
AOC, which may consist of communities, farms, airports, sta-
diums, residential areas, and other densely populated areas,
it  is  beneficial  to know the characteristics of the approach-
ing  thunderstorm  in  advance.  The  thunderstorm  tracking
and  lightning  forecasting  over  the  AOC  in  actionable  lead
times are advantageous to the public interest. This algorithm
can  be  used  to  track  a  thunderstorm,  to  forecast  lightning,
and to forecast severe weather occurrence (hail, high winds)
in  the  AOC.  Moreover,  a  different  technique  is  needed  to
explicitly identify severe weather.

In summary, the algorithm developed in this study can
track the thunderstorm path and generate a warning in a selec-
ted area with a sufficient lead time. The neighborhood tech-
nique was applied to obtain the boundaries, and smoothing
was applied to improve the accuracy of these boundaries. In
addition,  the  warning  is  more  appropriate  when  the  flash
rate  is  higher.  Fifty-seven  thunderstorm  days  with  1159
cases  were  used  for  the  thunderstorm  tracking.  The
algorithm  identification  results  revealed  the  entirety  of  the
identified  cell  associated  with  the  strong  radar  echo.  The
total lightning data was particularly valuable in giving a suffi-
ciently long lead time. This algorithm provides a good res-
ult  for  forecasting  the  thunderstorms  approaching  30
minutes  earlier  and  it  is  highly  effective  for  a  five  minute
lead time before a thunderstorm arrived over an AOC.
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