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Abstract

cells in the mature stage and the developing stage.

In the past few decades, radar reflectivity data have been widely used in thunderstorm identification research. Many
thunderstorm identification algorithms for ground-based weather radar have been developed. But for airborne
weather radar, due to the relative scarcity of data, the thunderstorm identification research is insufficient and there are
still few effective identification methods. Airborne weather radar has the realization capability of close-range detection,
but most existing airborne weather radars do not have scanning capability. This paper proposes an airborne weather
radar volume scan mode, under which there is a total of 31 sector scans at 31 elevations in a volume scan. And a
reflectivity data simulation model of the airborne weather radar is established based on this scan strategy, then the
ground-based X-band radar reflectivity data are used as input to obtain the simulated X-band airborne radar reflectivity
data. Moreover, this paper studies a thunderstorm identification algorithm for the X-band airborne radar with the
proposed scan mode. An improved SCI (storm cell identification) algorithm is proposed on the basis of the traditional
SCl algorithm which is applicable to S-band ground-based weather radar. The results of thunderstorm identification
carried out on the simulated airborne radar data show that the algorithm can effectively identify the thunderstorm

Keywords: Airborne weather radar, Volume scan, Reflectivity, Thunderstorm identification, SCI algorithm

1 Introduction

As an extension of weather radar, airborne weather radar
can detect weather system at a close range, making up for
the inflexibility of ground-based radar and scant meteoro-
logical information with low resolution of space-based
radar caused by the long-distance [1]. It is very difficult
for civil aviation aircraft to grasp the meteorological dy-
namics on air route just rely on the information of ground
weather stations. The airborne weather radar can detect
the weather conditions in front of the flight in real time
during flying and feedback the information, such as the lo-
cation and intensity of a meteorological target, to the pilot,
which is conducive to choose safe routes to avoid thun-
derstorm and other weather threatening aviation safety.
Several countries started to do researches on airborne
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atmospheric sounding system earlier (e.g., USA, Britain,
France) [2]. Here are some representative airborne wea-
ther radars and the information shown in Table 1.

Except that the Spider is capable of limited cross-
scanning, most of the above radars have no scanning
capability. This paper proposes an airborne weather
radar with volume scanning mode, something similar to
WSR-88D (Weather Surveillance Radar 1988 Doppler in
America) radar. Beginning from the lowest elevation, the
radar scans the sector in front of the aircraft with the
maximum detection distance as the radius, and raises its
antenna by 1° to scan the next elevation every time ends
the current elevation scan. A volume scan data will be
formed until the highest elevation angle scan ends. In
this way, the radar will be able to obtain enough high
resolution echo information of the space ahead of flight.
It may play an important role for the future meteoro-
logical research especially severe weather such as thun-
derstorms, which contributes to improving weather
monitoring and ensuring flight safety.
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Fig. 1 Radio-sondes inter-comparison in Yangjiang. a Topographic map of Yangjiang. b Schematic diagram of instrument layout

Thunderstorm, refers to the deep moist convection
phenomenon and accompanied by lightning, thunder,
rainstorm, gale, turbulence, hail and etc. as a rule, is
an important component of disastrous weather in
China (Yu X et al. 2012) [3]. Thunderstorms threaten
aviation safety and affect aviation operations. Accord-
ing to the statistics of civil aviation organizations, the
accidents directly and indirectly caused by thunder-
storms account for more than 50% of all the flight
accidents caused by meteorological reasons (Wei X
et al. 2013 and Zhang X 2011) [4, 5]. Improving the
ability to identify thunderstorms is of great signifi-
cance for forecasting and early warning and further
reducing risks and losses. Thunderstorms are charac-
terized by short life cycle, small range, and strong de-
structive power. Since ground-based radar is far away
from storms and has limited detection accuracy, air-
borne radar has become an effective means of real-
time detection and warning with its high spatial-
temporal resolution.

At present, threshold segmentation method [6-10],
algorithm based on image processing [11], Gaussian
mixture model [12], cluster analysis [13], and machine
learning [14—22] have been used for convective target
identification. Especially, the method based on ma-
chine learning is widely used in radar meteorology
and hydrology research and in recent years, such as

Table 2 X-band ground-based radar scan parameters

Parameter Value
Range resolution (m) 62.5
Azimuth range (°) 0~360
Azimuth resolution (°) 360/700
Maximum detection range (km) 62.5
Elevation number (layer) 9

Elevation (°) 1.5,24,34,45,6,75,99, 146, 195

fuzzy logic, decision tree and neural network, etc.
Through the identification of hydraulic condensate
particles (e.g., Dolan B 2008 and Liu Y 2014) [18-20]
and the inversion of soil moisture (e.g., Jing Liang
et al. 2017 and 2018) [21, 22], the law of solid-liquid-
gas three-state transformation in hydrological process
is explored, which provides hydrological basis for en-
gineering construction management and human activ-
ities. But the results of the machine learning
algorithm depend on the accuracy of the input data,
so it is not suitable for the simulation data in this
paper for the time being. However, threshold segmen-
tation is a mature technology among the methods
mentioned before. In the past few decades, there are
many innovation researches based on threshold seg-
mentation proposed. For example, Dixon et al. (1993)
proposed TITAN (Thunderstorm Identification,
Tracking, Analysis, and Now Casting) algorithm to
identify convective storms using a single reflectivity
threshold of 30dBZ [6]. Han et al. (2009) made some
improvements on TITAN algorithm, called ETITAN,
using multiple thresholds to identify convective
storms, solving the false segmentation phenomenon
when storms are separated by introducing corrosion
and expansion in mathematical morphology [7]. Wang
L et al. (2017) established a simulation model for air-
borne weather radar and used improved region seg-
mentation method and TITAN algorithm to identify
severe storm [8]. Kyznarova et al. (2009) used 44 dBZ
as a threshold to identify convection cell [9]. Johnson
et al. (1998) proposed the SCIT algorithm (the storm
cell identification and tracking algorithm) which
regards convective targets as 3D structures and uses
seven reflectivity thresholds to identify severe storms
through three steps of identifying cell segments, cell
components, and storm cell successively [10]. The al-
gorithm was developed for use on WSR-88D in
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Fig. 2 Airborne weather radar scan mode (a) horizontal direction(Gao Y 2009 )[2]; (b)vertical direction

America, and later on a new generation of Doppler
weather radar (CINRAD) in China. In the past few
years, many Chinese researchers have made relevant
researches on severe convective weather based on
SCIT or its improvement algorithm (e.g., Huang L
2014 and Lu D 2015) [23-26]. It is evidenced that
SCIT algorithm has higher recognition rate for con-
vection cell with high reflectivity intensity, as it can
correctly identify 68% storms with maximum reflectiv-
ity factor over 40 dBz and 96% storms with maximum
reflectivity factor over 50 dBz (Han L et al. 2007)
[26]. Because of convection cell’'s growth and dissipat-
ing, the multi-threshold method has a better identifi-
cation effect than a single threshold. Ultimately, this
paper conducts a study on the thunderstorm identifi-
cation algorithm based on SCI algorithm, storm cell
identification part of SCIT algorithm.

2 Methods

This experiment mainly applies the simulated airborne
weather radar reflectivity to achieve thunderstorm identifi-
cation, thus realizing the cross-validation of simulation
data and identification algorithm. Therefore, this section
introduces the establishment of the reflectivity data model
of airborne weather radar and the research and verifica-
tion of the thunderstorm identification algorithm.

2.1 Airborne radar data simulation

As the parameter selection of the simulation model is
determined by the data format of the input data and
the output data, the data format is closely related to
the scan mode of the radar. Therefore, this section
introduces the radar scan method of data source and
target data and the method of establishing a simula-
tion model respectively.
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Fig. 3 Schematic diagram of airborne weather radar reflectivity data simulation
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Table 3 Simulated airborne weather radar scan parameters

Parameter Value
Maximum detection range (km) 60

Range resolution (km) 0.1
Azimuth range (°) 120(+ 60)
Azimuth resolution (°) 1

Elevation resolution (°) 1

Elevation range (°) —15~+15

2.1.1 Data source of simulation
Ground-based weather radar data used to simulate in
this paper is from one X-band radar of Yangjiang 8th
International Radio-sonde Inter-comparison held suc-
cessfully by WMO from 12 July to 1 August 2010 [27].
Yangjiang, a prefecture-level city under the jurisdiction
of Guangdong Province, locates on the southwest coast
of Guangdong Province and is the direct hinterland of
the Pearl River Delta and the frontier of western
Guangdong facing the Pearl River Delta (Fig. 1a). The
topography is mainly low mountains and hills, which is
a subtropical monsoon climate zone with obvious mar-
ine climate. Convective weather is frequent in July and
August here, which is favorable for observation. In this
experiment, 20 kinds of remote sensing instruments in-
cluding one S-band weather radar, two X-band dual-
polarization radars, and two millimeter-wave radars
were used to carry out a series of observation experi-
ments (Fig. 1b). This experiment realizes continuous
cooperative observation of one target, which is condu-
cive to achieving the purpose of sounding observation
comparison of different observation equipment.

For the reason that X-band radar is small in size,
short in detection distance and low in cost, it is
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convenient to be airborne. We select one X-band
radar data of convective cells observed on 20 July as
the source of simulation. And its scan parameters are
shown in Table 2.

2.1.2 Airborne weather radar scan mode

The airborne weather radar proposed in this paper
begins scanning from the lowest elevation - 15°. The
scanning area is a fan-shaped area with azimuth
ranges from - 60 to 60° centering on aircraft heading
and a radius of 60 km (Fig. 2a). The radar raises its
antenna angle by 1° and scans the next elevation after
ends the current elevation scan. And it will form a
volume scan data when the last elevation 15° is the
end of scanning (Fig. 2b).

The parameters of the scan mode are shown in
Table 3. It can be known that there are 31 elevation
scans in a volume, 120 radials per elevation scan and
600 sample volumes per radial scan. Therefore, every
volume scan data has totaling 2,232,000 sample vol-
umes. By further calculation, this airborne weather
radar has a maximum vertical depth of 31 km at the
range of 60 km ahead of the flight altitude approxi-
mately. If the radar is in a good position to the thun-
derstorm, it will obtain more detailed echo
information of storms, and even the entire thunder-
storm with a small scale.

2.1.3 Method of simulation

As Fig. 3 shows, the X-band ground-based radar station
is the coordinate center, a plane carrying on the airborne
weather radar is set to fly at the altitude H (set as 10
km) above the radar station vertically and its heading is
0. Regardless of the impact of the aircraft’s flight speed

Fig. 4 Schematic diagram of 8-point interpolation (Lv B et al. 2016) [28]
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on the radar detection data, meaning that the aircraft
and the ground-based radar remain relatively stationary
during the process of detection, the data obtained by
the airborne radar should be basically consistent with
the ground-based radar. According to the scanning
mode introduced in section 2.2, the airborne weather
radar scans at elevation ¢2 which range from - 15 to
15°, respectively (¢2,., means 15°) and scans the sec-
tor with left and right a maximum azimuth of 60°
centered on the heading and a maximum detection
range of 60 km in every elevation scan. And there are
total 2,232,000 sample volumes in a volume scan data.
Assuming P is the center of a sample volume of the
data, if airborne radar reflectivity data is converted to
rectangular coordinates, the point P (x, y, z) should
meet Egs. (1) and (2).

~60<x<60
~60<y<60 (1)
0<z<h+ 60 * SiNng2max

0<+/x2 +y2<60

80—60< arctan (Q—C <0 + 60 (2)
J
z=h+\/x?+y* x tan(¢2),-15<¢2<15

The reflectivity data model of airborne weather
radar can be established by the above two formulas.
However, only those points within the X-band scan-
ning range can be calculated from the X-band radar
data. ¢l is the elevation angle of point P relative to
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the horizontal plane, and only the points satisfying
Eq. (3) could get the value of the reflectivity factor.

z=20
{ 1.5<¢1<19.5 ®)

The reflectivity data of point P can be obtained by
8-point adaptive Barnes interpolation [28, 29]. Find
the two elevations of the X-band ground-based radar
closest to point P, the two radials closest to point P
in each elevation angle and the two sample volumes
closest to point P in every radial, eight sample volumes in
total as fi~fg in Fig. 4. Set the index of these sample
volumes is i. Through the known reflectivity Z; and the in-
formation including the distance to the radar station R,
the azimuth 6, the elevation ¢1 of fi(R,, 8;, ¢1;) and P(Rp,
Op, ¢p), the reflectivity of point P Zp can be calculated by
Eq. (4).

2
(R-R,)* (66, (9179,)
w= exp| - 2 2 2
K, Ky K,
N
Zp _ Zizlzi X W

N
doimW

(4)

Here, w is weight coefficient of radar raw data sam-
pling point, K, , Ky, and K, are smoothing parameters of
the radial distance, azimuth, and elevation direction and
respectively take 1.0, 0.67, and 0.67 in this paper, N is
the total number of sample volumes in the area of

(@) (b)

height, height,

feet kilometers

I— 40 000

Fig. 5 Three stages of thunderstorm cell's life cycle. a Towering cumulus stage. b Mature stage. ¢ Dissipating stage (Yu X 2006) [31]




Wang et al. EURASIP Journal on Wireless Communications and Networking

Table 4 Thresholds of cell segment search
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Threshold Meaning

Default value

Reflectivity(dB2)

A set of minimum effective reflectivity which the reflectivity factor of a sample volume

25, 30, 35, 40, 45, 50, 55

must meet or exceed to be included in a cell segment

Dropout reflectivity

difference (dB2) may still be included in a cell segment

Dropout count(unit)

The difference below threshold (reflectivity) in effective reflectivity that a sample volume 5

The maximum number of contiguous sample volumes with a reflectivity factor less than 2

the threshold (reflectivity) by less than or equal to the threshold (dropout reflectivity
difference) that may be included in a cell segment

Segment length (km)

Set of minimum lengths of a component for each reflectivity threshold 1

influence of the reflectance value and is taken as 8
(Huang Y et al. 2008) [29]. When all the sample volumes
of the airborne weather radar reflectivity data are judged
and calculated by the above method, a complete reflect-
ivity volume scan data of the airborne weather radar can
be finally obtained.

2.2 Thunderstorm identification

This section first introduces the life process of thun-
derstorms and their radar echo characteristics, which
provides a theoretical basis for subsequent verification
of thunderstorm identification results. Then the thun-
derstorm identification algorithm is introduced in de-
tail, including the thunderstorm identification process,
parameter selection, and the calculation method of
key attributes.

2.2.1 Radar echo characteristics of thunderstorms

Convection cell is a cumulonimbus tower with a hori-
zontal scale ranging from 1 to 2 km to a cumulonim-
bus system with dozens of kilometers. Convection cell

is defined as a continuous region where reflectivity
intensity greater than 45 dBZ on the radar echo map.
Thunderstorm cell is a system composed of a convec-
tion cell with a horizontal range from 10 km to tens
of kilometers and a vertical structure that can extend
to the whole troposphere.

As Fig. 4 shows, the life span of the thunderstorm
cell can be roughly divided into three stages: towering
cumulus stage, mature stage, and dissipating stage
(Byers and Braham 1948) [30]. The towering cumulus
stage is also called the development stage where there
is a consistent updraft through the whole cloud and
the cloud column develops upward (Fig. 5a). First of
all, the radar echo of the thunderstorm cell in this
stage is shaped massive or banded, with dense in-
ternal structure and clear edges. What is more, the
cell’s scale is not very large and its reflectivity inten-
sity is not too high but both of which are developing
rapidly. The horizontal scale is about 1 km and the
vertical scale is slightly larger than the horizontal
scale. The reflectivity intensity gradient in the vertical

Segment3(35dBZ)
Segment5(40dBZ)

Fig. 6 Schematic diagram of cell segments
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Segment2(30dBZ) >
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Attribute Meaning Attribute Meaning

Azimuth (°) The azimuthal position of a cell segment Elevation (°) Angle of the elevation scan

RSbeg (km) The slant range to the beginning (the front RSend (km) The slant range to the end (the back of the last sample
of the first sample volume) of a cell segment volume) of a cell segment

MWL (kg/kmz) Mass weighted length, the mass density-weighted = MaxRef (dB2) The maximum (average) reflectivity factor of a cell
length of a cell segment segment

MWLS (kg/km)  Mass weighted length squared, the mass Threshold (reflectivity) The minimum effective reflectivity which the reflectivity

density-weighted length squared of a cell
segment

(dB2)

factor of a sample volume must meet or exceed to be
included in a cell segment

direction is apparent. As for the thunderstorm cell at
the maturity stage, it is characterized by the begin-
ning of precipitation and the generation of downward
flow with updraft penetrating the cloud column above
downward flow (Fig. 5b). Thunderstorm cell at this
time is presented as large echo blocks with dense in-
ternal structure, clear edges, and locally scattered on
plane position display (PPI) image. In addition, the
reflectivity intensity is very large, and on the side with
a larger gradient, bounded weak echo area, and hook
echo can be seen. In the extinction stage, downward
flow gradually prevailed and finally completely re-
placed the updraft (Fig. 5¢). Thunderstorm cell in this
stage still has a large scale of echo on PPI, but its in-
ternal structure is loose and its edge is scattered with
continuously decreasing scale and intensity. Besides,
the strong echo is mainly distributed in the middle
and lower part of the cloud column and its height is
continuously decreasing. The echo top is still high,
but the reflectivity intensity gradient is obviously
decreased.

2.2.2 Thunderstorm identification algorithm

In this paper, a thunderstorm identification algorithm
based on SCI algorithm is studied and verified by simu-
lated airborne X-band radar volume scan data. Consider-
ing that the threshold of SCI algorithm is proposed
based on S-band radar, X-band radar has marked at-
tenuation especially in convective cloud observation
[28]. Although the sample volume by sample volume
method [32-34] has been made to the correction attenu-
ation of X-band airborne weather radar data in this
paper, there still be an insufficient correction. Therefore,
seven default reflectivity thresholds are reduced by 5
dBZ. In addition, in order to prevent small thunderstorm
cell from being missed, the threshold of the component
area is changed from 10 km” to 1 km?. The algorithm is
carried out according to the steps of cell segment search,
cell component search, and storm cell search.

2.2.2.1 Cell segment search Cell segment is defined as
a radial sequence of reflectivity by a radial processing
technique. These segments are runs of contiguous
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Fig. 7 Schematic diagram of cell component
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Table 6 Thresholds of cell component search
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Threshold Meaning Default value
Azimuthal separation (°) The maximum azimuthal separation required for assigning cell segment into the same 5
component

Segment overlap (km)
component

Number of segments (unit)

Component area (km?)

The minimum slant range overlap required for assigning cell segments to the same 1

The minimum number of cell segments required in a component 2

A set of required minimum areas for a component. There is an area threshold for each 1

reflectivity threshold used to find cell segments

sample volumes with reflectivity values greater than or
equal to threshold (reflectivity) and have a combined
length greater than threshold (segment length). Also, a
segment may contain contiguous sample volumes which
are within threshold (dropout reflectivity difference) and
whose number should meet threshold (dropout count).
In this topic, these thresholds of cell segment search are
given in Table 4.

According to the storm cell segment identification pa-
rameters in Table 4, Fig. 6 gives an ex-ample of identifi-
cation results of storm cell segments.

Each identified cell segment has the following attri-
butes in Table 5.

According to the position and intensity of the reflect-
ivity factor contained in each segment, MWL and
MWLS of the storm cell segment are calculated by Egs.
(5) and (6).

lodBZE
MWL =" 53000( 486) Re (5)
1Od%E 137
MWLS = 53000( 186 ) R (6)

Here, dBZE is the reflectivity factor of a sample vol-
ume, Ry is the slant range from radar to the center of a
sample volume.

Table 7 Attributes of cell component

2.2.2.2 Cell component search Cell component is a
sector set of segments in an elevation scan (Fig. 7). All iden-
tified cell segments are traversed in sequence according to
seven default reflectivity thresholds. The first segment tra-
versed is taken as the beginning segment of a cell compo-
nent. And if the next segment meets threshold (azimuthal
separation) and threshold (segment overlap), it will be
merged into the component and taken as the ending seg-
ment of the component. Continuing to process other seg-
ments in this way, every time a segment is newly added,
this segment replaces to be the ending segment of the
current component. This component search does not end
until a segment that does not meet the thresholds appears,
and it is used as the beginning segment of the next cell
component search. When all cell segments are traversed,
the cell component search is completed. Finally, retain the
cell components that meet threshold (number of segments)
and threshold (component area) at the same time. The
values of threshold parameters in the cell component
search are shown in Table 6.

Each identified cell component has the following attri-
butes in Table 7

Based on the attributes of segments contained, the
MC of a component can be calculated by Eq. (7).

mMc=>" [MWL)SVL)<DELAZavg,)(n/180)/106]

(7)

Where, i is an index of cell segments in a storm com-
ponent, a total of n. And j is an index of the elevation

Attribute  Meaning Attribute Meaning
EL (9 The elevation angle of an elevation scan MC(kg/km) The mass-weighted area of a component
AC (°) The azimuth of the mass-weighted center of a DBZECmax(dBZ) The maximum reflectivity factor in a component

component

C (km) The slant range to the mass-weighted center of a
component

C (km) The (flat earth projected) x-coordinate of the centroid of ACend(°)

a component

C (km)  The (flat earth projected) y-coordinate of the centroid of RCbeg(km)

a component

HC (km)  The height above ground (of the mass-weighted center)

of a component

ACbeg(°)

RCend(km)

The most counterclockwise extent of a component
The most clockwise extent of a component

The (flat earth projected) range of the closest part of a
component (to the radar)

The slant range of the farthest part of a component (from the
radar)
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Fig. 8 Schematic diagram of storm cell

\

scan at which the cell segment is located. SVL is the
range of sample volume (0.1 km in this paper). And
DELAZavgDELAZavg; is the average azimuth in an ele-
vation scan, the average difference in horizontal azi-
muthal position of the adjacent radials (1° in this paper).
The centroid, called the mass-weighted center as well, of
a component can be calculated based on MC by Egs. (8)
and (9).

XCZ

[ sin(AC;)(MWLS;)(SVL) (DELAZavgJ) (8)
cos(EL;) (77/180)/10°]/MC

YCZ

cos(AC;)(MWLS;)(SVL) (DELAZang)( )
cos(EL;)(r/180)/10°]/MC

XC and YC are the x-coordinate and y-coordinate, re-
spectively, of the cell centroid components. The cell
components included in each elevation are identified
by seven default thresholds. If the centroid of a cell
component with a larger reflectivity threshold is
within the one with a smaller reflectivity threshold,
the smaller one will be discarded and only the larger
one is retained.

2.2.2.3 Storm cell search A storm cell is formed by the
components vertically correlated (Fig. 8). Starting

from the lowest elevation, the centroid of the compo-
nents at adjacent elevation scans are compared in the
horizontal plane. All the components included in an
elevation scan are sorted by decreasing mass and the
largest one is compared first. For each component in
the current elevation scan, the distance between the
center of every component in the next elevation scan
and that of this component is compared according to
three specified search radii (set as 5 km, 7.5 km, and
10 km) in turn. Similarly, the comparison is carried
out on every component of each elevation angle and
the component of the next elevation. The correlated
storm components are combined to form a three-
dimensional storm cell which has the attributes in
Table 8.

In addition, some important attributes are described in
detail as follows:

(a) The centroid position of storm cell

Firstly, calculate the MSV (mass-weighted volume) of
storm cell by Eq. (10).
MSV =3 "' [MCyDCHy| (10)

Where 7 is the total number of components included
in a storm cell and k is the index, DCH is the height of
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Table 8 Attributes of storm cell

Attribute Meaning Attribute Meaning

NC (unit) The number of components in a storm cell VIL (kg/kmz) The vertically integrated liquid

AS () The azimuth of the centroid (or mass-weighted TOP (km) The height of the highest component in a storm cell
center) of a storm cell

RS (km) The (flat earth projected) range of the centroid BASE (km) The height of the lowest component in a storm cell
of a storm cell

XSC (km) The (flat earth projected) x-coordinate of the LOWEL () The elevation angle of the lowest component in a
centroid of a storm cell storm cell

YSC (km) The (flat earth projected) y-coordinate of the HIGHEL (°) The elevation angle of the highest component in a
centroid of a storm cell storm cell

HSC (km) The height of the centroid of a storm cell MSV (kg) The mass-weighted volume of a storm cell

ZMAX (dBZ) The maximum reflectivity factor (component) BEGAZI (°) The azimuth of the first cell segment of a storm cell
of the component s in a storm cell

HZMAX (km) The height above ground of the sample volume ENDAZI (%) The azimuth of the last cell segment of a storm cell

corresponding to ZMAX

BEGRAN (km) The range(slant) to the front (closest to the radar)

of the first sample volume of a cell segment

ENDRAN (km) The ending range(component), the slant range of the

farthest part of a component (from the radar)

the storm component. Based on MSV, the coordinates
of the storm cell’s centroid can be further obtained by
Egs. (11) and (12) as follows:

S [XCi-MCy-DCHy]
XSC = k=
S¢ MSV

(11)

ZZ*I [YCi-MCy-DCHj|
YSC = =
5C MSV

(12)

XSC and YSC are the x-coordinate and y-coordinate
of the storm cell centroid.

(b) Top
The height of the highest component in a storm cell.

Traversing all the segments of the last component in the
storm call, the height of the mass weight center of the

Table 9 Thresholds of storm cell merge
Threshold

Meaning Default value

The maximum difference in the 3
elevation angles between the top

of one storm cell and the bottom

of another storm cell required to
merge the storm cells

Elevation merge(’)

The maximum horizontal distance 8
between two centroids required
to merge the storm cells

Horizontal merge(km)

The maximum difference in the 4
height between the top of one
storm cell and the bottom of
another storm cell required to
merge the storm cells

Height merge(km)

last cell segment of the component is the top height of
the storm cell.

(c) Base

The height of the lowest component in a storm cell.
Traversing all the segments of the first component in
the storm call, the height of the mass weight center of
the first cell segment of the component is the bottom
height of the storm cell.

(d) ZMAX and HZMAX
Traversing all reflectivity factor of the storm cell and

taking the maximum value of dBZ and the height
thereof as the ZMAX and HZMAX, respectively.

(e) VIL

The VIL (vertically integrated liquid) can be calculated
by Eq. (13) as follows:

Table 10 Thresholds of storm cell deletion

Threshold Meaning Default
value
Horizontal delete (km) ~ The maximum horizontal distance 5
between two centroids required to
delete one of the storm cells
Depth delete (km) The maximum difference in the 4

depths of two storm cells required
to delete one of the storm cells
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A (Zi+ Zi )
VIL =3.44 x 1033 (g) Ah; (13)

2

Here, N is the total number of components in a
storm cell, and i is the index, Z; means DBZEC,,,,, is
the maximum reflectivity factor of the component.
Ah; is the height difference between two components
in adjacent elevation scans of component i. In this
paper, when calculating, the maximum threshold
value of reflectivity factor is set to 56 dBZ (adjust-
able). That is, those with intensity below 56 dBZ are
treated as liquid water, and those above 56 dBZ are
calculated as 56 dBZ.
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Fig. 9 PPIs of X-band ground-based radar reflectivity factor
N J
Traversing all the identified storm cells, if two

storm cells have no cell components existing in a
common elevation scan and meet the threshold
shown in Table 9 at the same time, they can be com-
bined into one storm cell.

When two adjacent storm cells satisfy any threshold in
Table 10 below, the storm cell with smaller VIL in the
two storm cells will be deleted.

3 Results and discussions

Thunderstorm identification results of airborne weather
radar data simulated by X-band ground-based radar data
at 04:58 UTC on July 20, 2010, are taken as an example
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Fig. 10 PPIs of simulated airborne weather radar reflectivity factor (elevation range is — 15 ~ —7°)
A

for analysis. The PPIs of X-band radar reflectivity factor
images are shown in Fig. 9. The simulation results after
attenuation correction are shown in Fig. 10 (only
ground-based radar data from 0 to 120° are used). And
Fig. 11 is the retention of more than 25 dBZ based on
Fig. 10.

At the range of 20~30 km in the elevation scan of
- 15°, there are two areas of reflectivity factor greater
than 25 dBZ (Fig. 11). The one near 30 km is very
small and decreasing along with the elevation angle
increasing, which will not be identified as a thunder-
storm cell for that it cannot meet the threshold (com-
ponent area). However, the other one near 20 km has
enough echo in elevations from -15° to -9° with
high reflectivity factor so that it can be considered as a
thunderstorm cell. What's more, as the elevation angle

increases, an echo region appears at the range of 30~40 km
with high reflectivity and gets clearer from -14° to -8°,
which may be another thunderstorm. In addition, there are
some no-echo areas in these two areas in some elevation
scans, which should be caused by serious attenuation of X-
band radar echo to strong convection. These no-echo areas
may be the strong echo center of thunderstorm cells. To
sum up, there may be two thunderstorm cells here, one lo-
cated at the range of 20~30 km and the azimuth of - 30° or
so. Another is located at the range of 30~40 km and the azi-
muth of — 10° approximately.

After using the thunderstorm identification algorithm,
two thunderstorm cells are identified and their attributes
are shown in Table 11. The attributes of the components
contained in thunderstorm cell 1 (thunderstorm cell whose
serial number is 1 in Table 11) and thunderstorm 2



Wang et al. EURASIP Journal on Wireless Communications and Networking

(2020) 2020:37 Page 14 of 18

Eelev Degree (-15)

Eelev Degree (-14)

Eelev Degree (-13)

40

40
. /

Range (km)

Range (km)

50

.

Range (km)
b SR

25
300 200 -10 0 10 20 30 30 20 -10 0 10 20 30 300 20 -10 0 10 20 30 U m(:dBZ
Range (km) Range (km) Range (km)
40 Eelev Degree (-12) Eelev Degree (-11) 40 Eelev Degree (-10)

40
i /

20

20 ¥

Range (km)
[ -
G
Range (km)

50
45

Range (km)

o Lo Lo e
h © Wnh O

=30 =20 -10 0 10 20
Range (km)
Eelev Degree (-9)

b4

Range (km)
Eelev Degree (-8)

Nz
NG

=30 =20 =10 0 10

2
"
(=]
&
<

&
(=]

1] 10 20 30
Range (km)
Ecley Degree (-7)

40 40
. /
20 \&

20

Range (km)
1
Range (km)

N
N

40

Range (km)

N Lo Lo e
h © Wb O

-30 =20 -10 0 10 20
Range (km)

-30 -20
Range (km)

&
-10 0 10

Fig. 11 PPIs of simulated reflectivity factor greater than 25 dBZ (elevation range is — 15 ~ —7°)
A

Unit:dBZ

20 30 -30 220 -10 0 10 20 30
Range (km)

(thunderstorm cell whose serial number is 2 in Table 11)
are showing in Tables 12 and 13, respectively.

From the last two tables above, thunderstorm 1
contains seven cell components. Since the strong echo
region corresponding to this thunderstorm is already
very small when the elevation angle reaches - 8°, the
component no longer exists above - 8°. Thunderstorm

Table 11 Attributes of thunderstorm cells

2 contains four components that exist in the elevation
from -12° to —9°. This result is consistent with the
echo image in Figs. 10 and 11.

According to the attributes including EL, ACbeg, ACend,
RCbeg, and RCend of the components contained in each
thunderstorm cell, the position of these components is
drawn on the echo map of reflectivity factor retaining more

Serial number

NC (unit) AS ) RS XSC (km) YSC (km) HSC (km) ZMAX (dB2) HZMAX (km) VIL (kg/km?)
(km)
1 7 —2983 2362 -1175 2049 272 545 474 27.66
2 4 -974 32.24 545 3177 427 51.00 332 435
MSV (kg ) TOP (km) BASE (km) LOWEL () HIGHEL () BEGAZI () ENDAZI (°) BEGRAN (km) ENDRAN (km)
1 1647 633 389 -15 -9 -32 -27 2245 2565
2 3.00 505 332 -12 -9 -10 -8 3155 34.25
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Comp EL() AC() RC(km) XC(km) YC(km) HC (km) DBZECmax (dBZ) MC (kg/km) ACbeg (°) ACend (°) RCbeg (km) RCend (km)
1 -15 =2966 2376 =-1175 2064 3.89 515 1.94 -30 -28 2355 2565
2 -14 -=2930 2352 —-1151 2051 435 525 362 -30 =27 22.75 2545
3 -13 —=3001 2353 -11.77 2037 4.74 545 384 - 31 -28 2265 2535
4 -12  -=3002 2343 =-1172 2029 5.16 545 3.66 =31 -28 2245 25.05
5 -11 —=3002 2343 -11.72 2029 5.56 545 363 =31 -28 2245 2495
6 -10 —3001 2344 -11.72 2030 597 540 355 - 31 -28 2265 24.85
7 -9 -3097 2369 -1219 2032 6.33 545 2.87 -32 =29 2355 24.85

than 25 dBZ. And cell components corresponding to thun-
derstorm 1 and thunderstorm 2 are represented in red and
blue respectively (Fig. 12).

Combining tables and figures above, it can be found
that thunderstorm 1 has the following characteristics.
As Fig. 12 shows, the echo block area is large with a
clear edge, and its internal structure is compact with
local scatter. According to Table 12, the DBZECmax
of every component is above 50 dBZ and those at the
middle-high part are close to 55 dBZ, indicating that
strong convection exists. All the MC values are high
and have the distribution characteristics of small bot-
tom and large middle-high part, indicating the simul-
taneous existence of updraft and downward flow. And
we can see from Table 11, the BASE is about 3.8 km
and the TOP is about 6.3 km, so thunderstorm 1 has
a certain vertical spatial scale. The VIL value of thun-
derstorm 1 is 33.36 kg/km? which has abundant li-
quid water content and may cause dangerous weather
such as precipitation, hail, and thunderstorm gale. In
summary, thunderstorm 1 is in the mature stage, so
the aircraft should avoid in time during flying.

Meanwhile, characteristics of thunderstorm 2 also
can be found from these tables and figures. The radar
echo is blocky shape in Fig. 12, with dense internal
structure and clear edges, is obviously smaller than
thunderstorm cell 1. The horizontal scale is small and
the vertical scale is about 1.7 km, slightly larger than
the horizontal scale, which can be evidenced by the
BASE and the TOP in Table 11 and the MC in Table
13. Besides, the MC values of all the components

Table 13 Attributes of cell components included in thunderstorm 2

present a tower-like feature, indicating that updraft
flow exists mainly at this moment. The maximum re-
flectivity factor is high as the DBZECmax of all com-
ponents is nearly 50 dBZ. What can be found more
from Table 11 is that the VIL value of the thunder-
storm 2 is 7.14 kg/km® which is a good instruction
for that there has accumulated a certain liquid water
content. If it continues to develop, it will be a mature
thunderstorm and some weather phenomena such as
precipitation will occur. To sum up, thunderstorm 2
is in the development stage, so the aircraft should
pay attention to its development and defense in time.

Because cell components with smaller reflectivity fac-
tor threshold are discarded and only components with
larger threshold are retained during the identification
process, the marked component area does not include
all the reflectivity factors larger than 25 dBZ. However,
the no-echo area that thought to be the strong echo cen-
ter of storm cells mentioned earlier in this section falls
in the middle of the marked component area in Fig. 12.
In addition, the SCI algorithm was originally used to
identify the centroid of the storm cell. So this
consistency verifies that the thunderstorm identification
algorithm is workable.

Finally, from Fig. 13 where are the PPIs of the S-
band radar reflectivity factor at 05:00 UTC closest to
the time of the X-band data, it can be found that
there is an area of strong echo in 20~30 km marked
by red circles. There are obvious distributions at 9
elevation angles. And from the PPI of 10.0° elevation,
it can be seen that the maximum reflectivity is above

Comp EL() AC() RC(km) XC(km) YC((km) HC(km) DBZECmax MC (kg/km) ACbeg () ACend () RCbeg (km) RCend (km)
(dBZ)

1 —-12 —-978 3244 —551 31.97 332 510 1.15 -10 -8 32.55 34.25

2 -1 —-989 3236 —556 31.88 3.89 495 1.01 -10 -8 32.15 33.95

3 -10 —-972 3218 —543 31.72 448 495 1.62 -10 -8 31.65 33.65

4 -9 —-963 3205 —-536 31.60 5.05 495 144 -10 -8 31.55 3335
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50 dBZ, indicating that this area is a thunderstorm
cell in the mature stage. Not far from 30 km, there is
a smaller strong echo area marked by blue circles and
it is obviously distributed at 6 elevations from 1.6° to
10°. It can be seen from the PPIs of elevations
1.4°~4.4° that the maximum reflectivity is between 45
dBZ and 50 dBZ, indicating that it is a relatively
small-scale thunderstorm. Since the S-band and X-
band radar positions are only about 2 km away, there
is a small gap in the echo position. But in general,
this is consistent with the thunderstorm identification
result obtained by algorithm proposed in this paper,
which can further verify the correctness of the result
and the reliability of the algorithm.

4 Conclusion

In this paper, by preset detection parameters of air-
borne weather radar, an airborne weather radar simula-
tion model of reflectivity volume scan data is

established. Using X-band ground-based weather radar
volume scan data as the simulation data source, the re-
flectivity volume scan data of simulated airborne wea-
ther radar is obtained by interpolation and calculation.
Considering the attenuation of X-band Radar and the
characteristics of thunderstorm cells, this paper studies
a thunderstorm identification algorithm for the simu-
lated airborne radar based on SCI algorithm and gives
an example of thunderstorm identification. By analyz-
ing the identified results and comprising with S-band
radar data, it shows that the algorithm can effectively
identify the thunderstorm cell in the sector scanning
area in front of the plane, including not only the ma-
ture thunderstorm cell, but also those in the develop-
ment stage with a certain scale. The algorithm also
outputs some attributes of identified thunderstorm
cells, including centroid position, the top height, the
bottom height, VIL, et al., which is of guiding signifi-
cance for aircraft flight avoidance and verifies the
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feasibility of the simulated airborne weather radar vol-
ume scan data simultaneously.

However, this algorithm also lost a lot of information
in the process of identification. As a result, it cannot
show a complete figure of components very well. Only
the location of thunderstorm centroid identified by SCI
in the flight process is not conducive to judging the spe-
cific safe distance. And the experiment did not consider
the influence of aircraft’s moving speed on radar detec-
tion data, so it has certain limitations.
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