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Thunderstorms are recognized as perilous meteorological phenomena characterized by irregular and nonlinear movement, posing
significant risks to approaching aircraft and necessitating technical methods to ensure safety to the aviation operations. This
research specifically addresses the challenges associated with aircraft during the approach segment and introduces a
multialgorithmic model focusing on the optimization of 4D approach trajectory. Firstly, the artificial neural network intelligent
model was used to predict the thunderstorm movement track. Secondly, the multialgorithmic model combined by the rapidly
exploring random tree with artificial potential field was built to plan the trajectory of the approaching aircraft under
thunderstorm weather, and then, the mean filter was adopted to smooth the simulated approaching trajectory. Finally, the
reliability of the model with a real case study was demonstrated. After optimized simulation by predicting the thunderstorm
weather and trajectory-optimized multialgorithmic model mentioned above, the approach trajectory can be outputted
successfully, but with some distortions, postprocessing with the mean filter results in a remarkably smooth approach trajectory,
providing enhanced feasibility and efficiency for pilots navigating through thunderstorm weather conditions. It is ultimately
proved that refined 4D trajectory operations under hazardous weather conditions hold substantial significance in advancing
aviation safety and operational effectiveness.

1. Introduction

Flight safety is the cornerstone of the modern civil aviation,
and hazardous weather is the main factor that affects the
safety of aviation. Therefore, in February 2023, a question-
naire survey was conducted on the impact of different haz-
ardous weather conditions on different flight segments,
targeting more than 100 pilots from different domestic air-
lines and 50 controllers from air traffic systems in China.
The result shows that 68.75% of pilots and 63.83% of con-
trollers believe that thunderstorm weather affects flight
safety the most; 62.65% of pilots and 89.36% of controllers
believe that thunderstorms occur in the approach segment,
which is the most dangerous.

Thunderstorms typically form under certain atmospheric
conditions characterized by strong convective activity. The
key steps for thunderstorm development are that moist air

rising makes atmospheric instability, the updraft and down-
draft movements contribute to the development of towering
cumulonimbus clouds, and the altitude of the thunderstorm
cloud can reach to thousands of meters, which pose serious
threat to the approaching aircraft.

In aviation meteorology, the main detection method for
thunderstorms is usually using aviation weather radar. The
color blocks ranging from blue to purple displayed by the radar
stand for the intensity of precipitation echoes; usually, yellow,
red, and purple echoes indicate moderate to heavy rain in the
local area and may be accompanied by severe weather such as
lightning and strong winds; the thunderstorm weather echo
on airborne radar screen is shown in Figure 1 [1]. If an aircraft
is struck by lightning, important equipment such as the fuse-
lage skin and high-frequency or VHF antennas may be dam-
aged. If the aircraft flight into the downburst of thunderstorm
weather, it will create more serious safety hazard situation [2].
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In the past two years, aircraft have suffered frequently
from thunderstorms; for instance, Australian Jetstar Airlines
and American Airlines, respectively, encountered lightning
strikes during approach segment in May 2022 and February
2023, resulting in multiple burning marks on the fuselage,
as shown in Figure 2. Thunderstorm weather seriously
threatens flight safety and causes economic losses [3].

In summary, how to fundamentally ensure the safety of
approaching aircraft in thunderstorm weather is the core
thinking of this research, which also meets the urgent
research needs of China’s civil aviation transportation devel-
opment. Normally, sudden thunderstorm weather occurs
into the terminal area, and traditional manual management
and flight decision-making are difficult to satisfy the safety
requirements.

2. State of the Art

With the development of civil aviation technology, the
impact of thunderstorms on flight safety has received wide-
spread attention. Thunderstorm weather has the characteris-
tics of quick movement and nonlinear changes; hence,
accurate movement prediction of thunderstorm plays an
important role in the basic theory of this research. Scholars
such as Litta et al. [4] and Collins and Tissot [5] believe that
the artificial neural network (ANN) model is an effective
modeling method for predicting the movement trend of
thunderstorm clouds, which can predict the thunderstorm
movement in this study. Ivanova [6], Yang et al. [7], and
other scholars analyzed the characteristics, movement,
modeling methods, constraint conditions, and movement

prediction ideas of thunderstorm weather based on histori-
cal sample data, demonstrating that 3D spatial modeling is
reliable for thunderstorm weather prediction. The above
researches made effort to use long-term thunderstorm data
samples for processing and conducted detailed analysis on
the temperature and water density inside the thunderstorm.
However, the thunderstorm appearance is out of sudden; in
order to solve the thunderstorm avoidance problem during
the approach segment, it is necessary to use short-term
thunderstorm data samples to analyze movement. Dunn
and Shultis [8] proposed the Monte Carlo model and dem-
onstrated that it has good performance in predicting variable
and complex random thunderstorm clouds.

At present, terminal area trajectory optimization is a
research focus all around the world, and the existing
researches provide many methods to the trajectory optimi-
zation for this research. Hentzen et al. [9] elaborated that
flight trajectory prediction must be a focus in future research
under uncertain and dangerous weather and proposed the
application of data statistical models for flight trajectory pre-
diction under uncertain weather. González-Arribas et al.
[10] proposed an algorithm for numerical optimal control,
which simulates the optimal flight trajectory for different
weight aircraft models under moving thunderstorm weather.
Zeh et al. [11] sampled 10000 climb tracks and used a neural
network model to fit the trajectories of aircraft with different
takeoff weights. The results showed that the fitting degree
could reach 90% and the algorithm had high accuracy. How-
ever, for trajectory optimization under uncertain conditions,
using this algorithm has limitations. Juntama et al. [12] pro-
posed a König metric algorithm to evaluate air traffic com-
plexity and optimize 4D trajectories. The results showed
that using this method can reduce traffic complexity by more
than 95% and save 80 tons of fuel. Liu et al. [13] suggested
considering clustering technologies as a trajectory design
method. By comparing four optimization models, it was
found that the random tree model has the best performance,
which also provides ideas for the selection of trajectory opti-
mization models in this research. In the preliminary work,
the author proposed the idea of optimizing the approach
diversion trajectory by predicting the movement of thunder-
storms, analyzing from the longitude and dimension direc-
tions. Furthermore, the dynamic window algorithm was
used to optimize trajectory of the approaching aircraft by
avoiding thunderstorm [14]. The above scholars provided
important thinking for this research, but for the optimiza-
tion of flight dynamic obstacle avoidance trajectory, a simple
optimization model is insufficient to meet the requirements
and needs to consider the time dimension. This research
proposes a kind of combined algorithm to optimize the tra-
jectory of approaching aircraft under thunderstorm weather.

Therefore, research on integrated operational dimen-
sions based on intelligent algorithms still has great potential
for development. In 2022, scholars such as Guastavino et al.
successfully used machine learning models to predict
thunderstorm weather and set up warning systems, which
were ultimately published in the journal Nature [15]. This
achievement provides guidance for the research ideas and
methods.

Figure 1: Airborne weather radar echo display interface.
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3. Illustration of Multialgorithmic Model

This research is based on the optimization of the 4D
approach trajectory under thunderstorm weather. The
research process requires the following tasks: first, predicting
the movement of thunderstorm clouds; second, optimizing
the diversion trajectory; and third, smoothing the trajectory.
Based on the above three requirements, this research plans
to comprehensively implement the research theme from
“points,” “lines,” and “surfaces,” to design a practical and
feasible algorithm model, to draw an intuitive and visible
optimized approach trajectory, to serve the future goal of
intelligent air traffic control for refined operation of four-
dimensional flight trajectories, and to implement various
indicators for aircraft approach safety in thunderstorm
weather.

This research requires computer simulation and mathe-
matical modeling to achieve objectives. MATLAB simula-
tion software has powerful matrix operation and graphic
processing capabilities. Therefore, this research is pro-
grammed and simulated by MATLAB, and the detailed plan
is as follows:

(1) Processing radar echoes of thunderstorm weather at
different times, extraction of feature thunderstorm
color block data, establishment of thunderstorm data
matrices in samples at different times, construction
of artificial neural network models, and simulation
of thunderstorm cloud movement trends and ran-
dom thunderstorm cloud point states in the terminal
area

(2) When thunderstorm weather occurs, adopt random
tree trajectory optimization model, set entry points
and runway positions, clarify the constraints of
approach flight, and simulate the 4D approach opti-
mization trajectory under the moving thunderstorm
cloud

(3) The trajectory is not always very smooth; hence, the
filter was used to discard some waypoints with big
turning angle to the direction of the trajectory

This research is based on the theoretical knowledge of
multiple disciplines such as air traffic management, flight

procedure design, and aviation meteorology predicting the
movement of thunderstorm and exploring and optimizing
flight trajectory when encountering thunderstorm weather
during aircraft approach. The overall technical flow map is
shown in Figure 3.

3.1. Prediction of Thunderstorm Movement. In this part, this
research will extract the color of thunderstorm, analyzing
and predicting the short-term movement of thunderstorm.
The flow chart of this part is shown in Figure 4.

Before extracting thunderstorm from radar echoes, it is
necessary to convert colors from RGB space to HSV, which
is more capable of perceiving color changes and accurately
extracting feature thunderstorm color blocks. The result of
the processed thunderstorm is shown in Figure 5.

Combining the extracted thunderstorm feature color
blocks, further data processing is needed; then, before creat-
ing a thunderstorm matrix, the scope of thunderstorms
should be determined; hence, drawing the envelope of the
thunderstorm is the blue dots shown as Figure 6.

Figure 6 shows the thunderstorm area of terminal at a
certain time from the radar echo, after confining the scope

(a) (b)

Figure 2: Aircraft damaged by thunderstorms ((a) Jetstar and (b) American Airlines).
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Figure 3: Theoretical research model for trajectory optimization
under thunderstorm weather.
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of the thunderstorm; the data can be depicted by a matrix
shown as follows:

X =

x11 ⋯ x1n

⋮ ⋱ ⋮

xm1 ⋯ xmn

1

From formula (1), the terminal area can be regarded as X,
m represents the longitude serial number, and n represents the
latitude serial number. If thunderstorm occurs in one position,
a value of 1 can be assigned; otherwise, it is 0.

3.2. Thunderstorm Movement Prediction Model. After setting
up the thunderstorm data matrix, the appropriate thunderstorm
predicted model should be adopted; meteorological prediction
always acquires many different algorithms and methods, which

include numerical weather prediction model (NWP), GFS
(global forecast system), and artificial neural networks (ANN).
Among the above models, ANN can adapt to different data
structures and automatically learn complex relationships
between input features, which has the ability to simulate nonlin-
ear relationships in meteorological systems. Therefore, this
research adopts ANN to predict the short-term and complex
movement of thunderstorm. The flow chart is shown in
Figure 7 for the model to do sample data processing [16–18].

Among them, Xs t is the input data of sampled thunder-
storm, processed by several neurons, and output Yr t + 1 is
the predicted thunderstorm matrix; the model is expressed
as follows:

Yr t + 1 = 〠
k

i=1
vr,k × g 〠

s

j=1
wk,s × Xs t 2

Radar echo map
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START

Figure 4: Flow chart of thunderstorm movement.

Figure 5: The extracted feature color blocks of thunderstorm.
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r represents the r-ranked thunderstorm data in the pre-
dicted output at time t + 1, s represents the s-ranked thunder-
storm data point in the input, k represents the number of
neurons, and wk,s and vr,k, respectively, represent the weights
of input and output calculation. Due to the nonlinear move-
ment of thunderstorms, optimization is needed in the process-

ing to avoid excessive positive and negative deviations.
Therefore, in this research, adding a nonlinear activation func-
tion g = 1/ 1 + e−x can make the results more reliable.

The corresponding thunderstorm is X = X1, X2,⋯, Xi
at different times t = T1, T2,⋯Ti ; as for future times t =
Ti+1, Ti+2,⋯, Tpred , based on the above principles, the

prediction matrix of thunderstorm data Y = Yi+1, Yi+2,⋯,
Ypred at different future times can be output.

3.3. Optimization of 4D Approach Trajectory under
Thunderstorm Weather. The movement of thunderstorm can
be seen as four-dimensional moving obstacles. This research
includes two steps, setting constraints and establishing the tra-
jectory optimization algorithmmodel. The process implemen-
tation is shown in Figure 8.

L(nm), turning angle of each segmentθ(°), descent
gradientGr(%), and true air speedTAS(km/h). This research
focuses on three flight approach segments: initial approach,
intermediate approach, and final approach. The specific con-
straints are set as shown in the following:

In this research, the used multiple algorithmic model will
have a better performance. For instance, setting obstacles in
the statement, respectively, rapidly exploring random tree,
artificial potential field algorithm, and multiple algorithmic
model (RRT and APF combined) were used to test the per-
formance. The result is shown in Figure 9.

Figure 9 shows that the multiple algorithmic model has a
better performance due to trajectory length and elapsed time
advantages; therefore, in this research, the RRT and APF
combined algorithm was adopted [19, 20]. The artificial
potential field algorithm mainly solves the obstacle avoid-
ance problem of dynamic obstacles; by this way, it can create
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Figure 6: The envelope of the thunderstorm.
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the attractive and repulsive forces generated by the external
environment on the aircraft and under the relative mutual
exclusion relationship with thunderstorm, ultimately com-
pleting the conflict-free optimization between the aircraft
and thunderstorms. The destination airport generates attrac-
tion on the aircraft, while thunderstorm generates repulsion
on the aircraft; formulas (4)–(6) are shown as follows:

Fatt = μ × dg × nrg, 4

ηrep = ε × R × dg ×
1
d
−
1
ρ

2
× nor

− ε × R × 1
d
−
1
ρ

× dg2

d2
× nrg,

5

Frep = 10 × ηrep d ∈ τ, 2τ ,

Frep = 100 × ηrep d ∈ 0, τ ,

Frep = 0 other condition

6

Among them, μ and e represent the coefficients of attrac-
tion and repulsion; R represents the range of repulsive force
action; dg represents the square of the distance between the
target or obstacle and the aircraft; ŋrep represents a unit repul-
sion; the closer the aircraft is to the thunderstorm cloud, the
greater the repulsive force generated; d represents the aircraft
step size; ρ represents the effective distance of repulsion; nor
and nrg represent a mutually exclusive constant.

When the simulation environment detects that the flight
trajectory is in a deadlock state, the rapidly exploring ran-
dom tree algorithm can be used for reference; this algorithm
is used to find the optimal trajectory in complex environ-
ments, initialize the starting point, and randomly select adja-
cent nodes from the established state space. If there are
obstacles in the trajectory planning process, the next path
node will be changed. After multiple iterations, an optimal
trajectory can be obtained. Imaging that the aircraft is in

the position pn = xn, yn , the next point is the nearest with-
out obstacle; assuming pn+1 = xn+1, yn+1 , the length of every
step can be expressed by the following:

Ln+1 = xn+1 − xn
2 + yn+1 − yn

2 7

When n approaches infinity, it can be assumed that vn
follows a uniform distribution, and formula (8) is

Table 1: The thunderstorm dataset (km).

Initial X
value

Initial Y
value

Predicted X value
(24min)

Predicted Y value
(24min)

826.0 692.5 827.48 687.50

828.0 692.5 829.50 687.50

826.0 694.9 827.48 689.90

828.0 694.9 829.50 689.90

826.0 700 827.48 695.00

828.0 700 829.50 695.00

826.0 705.4 827.48 700.40

828.0 705.4 829.50 700.40

821.5 676 822.98 671.00

821.5 694 822.98 689.00

821.5 700 822.98 695.00

830.5 676 831.98 671.00

830.5 694 831.98 689.00

830.5 700 831.98 695.00

Table 2: Procedure data setting.

Length
(km)

Gradient
(%)

Turning angle
(°)

Initial approach 20 4% 0 to 120

Intermediate
approach

15 0 0 to 30

Final approach 10 5.2% 0

Table 3: Simulating data setting.

Parameters Value

TAS 380 km/h

The distance avoided from thunderstorm 1 km

The radius distance of Frep 5 km

Direct proportion value of Frep 3000000

Direct proportion value of Fatt 6000000

Time period 24 minutes

wk,s
20 × s
k + s

vr,k
r

k + r
Time step 0.5 seconds

Figure 11: The processing of trajectory prediction.
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vn =
d pn+1 − pn

dt
8

For RRT optimization theory, the most optimum trajec-
tory is the shortest sum of steps after iterative operation;
formula (9) is

Ltotal = min 〠
iterations

n=0
Ln+1, pn + vt ≠ pstorm + vot,

pn+1 is not available, pn + vt = pstorm + vot

9

4. Case Study

This research provides an example in southwest of China.
Due to the geography, the weather in this area is always
stormy and cloudy with a lot of turbulence. The weather
data is obtained in the national weather Internet in June 6,
2023. The original and processed thunderstorm is shown
in Figure 10; the blue dots around the thunderstorm are
the envelope of the thunderstorm.

The thunderstorm has been processed into blue dots,
and the red and yellow thunderstorm color blocks of thun-
derstorm are enclosed with the blue marking dots, as can
be seen in Figure 10. With the limitation of the paper, the
left thunderstorm datasets of Figure 10 provided by
MATLAB with X and Y coordinates are shown in Table 1;
there are 14 dots.

After the initial datasets are processed by the artificial
neural network function model with 24min time period,
the data of the left thunderstorm of Figure 10 is predicted
which can be seen as Table 1. The positions of every blue
marking dots have been changed, and it depicts that the
thunderstorm is moving northward.

Then, for simulating the appropriate flight trajectory,
according to the standard of flight procedure design, the set-
ting of the approach procedure data is given in Table 2.

Finally, the simulating datasets are shown in Table 3;
with these data, the appropriate approach trajectory can be
artificially designed by MATLAB programming.

5. Results

With the simulation, the length and width of the map are
2150 km and 2000 km, imaging that the position of arrival
point is 864.35 and 661.76 with altitude 5000m; the destina-
tion airport is 842.96 and 723.38 with altitude 0m, imaging

that the elevation of airport is 0m. As seen from the simula-
tion result shown in Figure 11, the red line gives the dynamic
obstacle-avoidance guidance produced by artificial potential
field algorithm firstly than the blue line which is decided by
RRT algorithm if the processing is fallen into deadlock.

Finally, as Figure 12 shows, the profile of trajectory
shows a very excellent performance for three approach
segments; thus, the result meets the requirements for the
gradient and the structure of the approach flight procedure.

However, the trajectory of the simulation shown in
Figure 13 is very tortuous and not smooth for flight opera-
tion, shown as the arrow points in the trajectory part in a
red circle in Figure 13; a smooth trajectory should meet
the requirements that every turning corner of the flight
trajectory should not exceed to 120°; however, in
Figure 13, there are two or more turns exceeding 180°

within 10-kilometer radius. The reason-result in this situa-
tion is that the thunderstorm presents nonlinear change;
when the predicted thunderstorm appears suddenly in front
of the aircraft, the trajectory will torch together to avoid the
thunderstorm.
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Figure 12: The profile trajectory.
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However, in reality, the trajectory of approach is rela-
tively smooth because it is convenient for pilot to operate
the aircraft. In addition, approach flight stage is so critical
that it needs smooth trajectory to make sure for the safety
of aircraft. In order to deal with this problem, optimize the
trajectory in the further step, this research will adopt a kind
of filter to smooth the simulated approach trajectory.

At first, the trajectory was sampled into 100 dots.
Figure 14 shows that the red point is the sampled dots and
every dot has its own coordinate.

Then, this research adopts the mean filter to extract the
available dots to smooth the trajectory; this kind of filter is
usually used in image processing and signal processing; the
principle of this step is to replace the value of the target
dot with the average value of chaotic dots, thus achieving
smoothing and reducing noise.

The core idea of the mean filter is to check each dot of
the original trajectory during the filtering process to decide
whether it is beneficial for smoothness. Assume that the tar-
get dot is at the center of a round sliding window, and then,
calculate the average value of all dots which can be depicted
aspi = xi, yi within the window and use it as the new value
of the target dot. The thinking can be depicted as follows:

p =
∑k

i xi
k

,
∑k

i yi
k

10

Among them, ∑k
i xi/k and ∑k

i yi/k represent the average of
x and y value in the window, respectively, and k represents
the number of the dots; this method can calculate the aver-
age value of the dots inside the sliding window.

With the sliding window application of the mean filter,
the trajectory can be divided into several rounding areas

with the radius of 2.5 km. Figure 15 shows that the center
of red circle is the target dot and other dots have been
discarded.

Connecting all the average dots with the blue line,
Figure 16 can be obtained. The blue line is the optimized tra-
jectory. Finally, the trajectory seems very smooth, and each
turning corner can be joined well together with different

Figure 14: The dots sampled from the simulated trajectory.

Figure 15: The sliding window used to filter the disordered dots.
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approaching segments; it means that the filter is necessary
for the trajectory optimization in this research.

6. Conclusion

Thunderstorm weather always occurs in the terminal area
with a relatively low altitude; by the way, when aircraft
approach at a low flight level, it easily encounters danger.
This research is based on this background, adopting multiple
algorithmic model to process the approach trajectory
optimization. Firstly, artificial neural network was used to
predict thunderstorm movement, and then, artificial potential
field algorithm was combined with rapidly random tree
method to design the approaching trajectory of aircraft; the
results are not very ideal due to the thunderstorm’s nonlinear
movement, and the original trajectory is very distorted; thus,
this research adopts the mean filter to smooth the approaching
trajectory, the disordered dots are filtered out, and ultimately,
the trajectory turns to be more smooth and more practical for
pilot to operate during thunderstorm weather.

However, this research still has some further work to be
done; for example, the filter only selects the sampled dots
within the two-dimensional planar, and the altitude change
is not taken into account; therefore, this part will be
addressed in the further research.
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