
Promet – Traffic&Transportation, Vol. 28, 2016, No. 5, 479-485 479

M. Zhang, S. Wang, H. Yu: A Method of Rescue Flight Path Plan Correction Based on the Fusion of Predicted Low-altitude Wind Data

ABSTRACT

This study proposes a low-altitude wind prediction model 
for correcting the flight path plans of low-altitude aircraft. 
To solve large errors in numerical weather prediction (NWP) 
data and the inapplicability of high-altitude meteorological 
data to low altitude conditions, the model fuses the low-al-
titude lattice prediction data and the observation data of 
a specified ground international exchange station through 
the unscented Kalman filter (UKF)-based NWP interpretation 
technology to acquire the predicted low-altitude wind data. 
Subsequently, the model corrects the arrival times at the 
route points by combining the performance parameters of 
the aircraft according to the principle of velocity vector com-
position. Simulation experiment shows that the RMSEs of 
wind speed and direction acquired with the UKF prediction 
method are reduced by 12.88% and 17.50%, respective-
ly, compared with the values obtained with the traditional 
Kalman filter prediction method. The proposed prediction 
model thus improves the accuracy of flight path planning in 
terms of time and space.  
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1. INTRODUCTION
With its advantages of wide rescue range, fast re-

sponse, and small restriction by geographical factors, 
air emergency rescue plays an irreplaceable role in 
preventing and reducing disasters in many countries. 
The aircraft used for rescue are mostly small and me-
dium-sized helicopters or generic fixed-wing aircraft. 
Given the low flying altitude of such aircraft, ground 
communication, navigation, and surveillance systems 
have difficulty in effectively covering their flying air-
space; hence, pilots are mainly responsible for flight 
safety. Several aircraft conduct rescue missions at the 
same time when major accidents or disasters occur. 
However, the limited low-altitude airspace is relative-
ly narrow, thus increasing the possibility of aircraft  

conflict. In order to keep a safe separation of other 
aircraft and reduce the probability of the conflict, the 
focus is on making a precise flight path planning of ev-
ery aircraft based on the rescue task. Thus, accurate 
flight path planning is significant in the safe operation 
of rescue aircraft. 

The meteorological conditions in the flying airspace 
of an aircraft are an important factor that causes a 
deviation between the actual operating path and the 
planned operating path during an actual flight. There-
fore, considering the influence of meteorological con-
ditions on flights is an effective measure to improve 
the authenticity of path planning [1]; the key is accu-
rately predicting low-altitude wind, as well as analyzing 
aircraft motion in the wind field. At present, the meth-
ods for predicting low-altitude wind can be divided 
into three categories. The first category involves the 
direct use of the numerical weather prediction (NWP) 
products issued by the World Aero Forecast System, 
such as the lattice predicted data stored in GRIB and 
NetCDF formats. The second category involves the use 
of various prediction methods on the basis of histor-
ical meteorological data; examples of such methods 
include the continuous model, autoregressive moving 
average model [2], Kalman filtering method [3], and 
mixed prediction method [4, 5]. The third category in-
volves the use of NWP interpretation technology, which 
fuses local meteorological observation data and NWP 
data. For example, the fusion of measured AMDAR 
data [6] and GRIB data can improve the temporal-spa-
tial resolution and accuracy of route meteorological 
forecast. However, these methods also have their 
disadvantages. NWP data feature large time intervals 
and system errors. The prediction based on histori-
cal meteorological data is mostly used in wind speed 
prediction at points where the wind field is locat-
ed. Thus, such prediction method cannot satisfy the  
requirement of acquiring the meteorological data 
of several route points in flight path planning. In the  
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application of NWP interpretation technology, most 
small aircraft flying in low altitude fail to acquire re-
al-time meteorological data such as AMDAR because 
of limitations in airborne equipment; hence, such data 
sources do not apply to low-altitude conditions. Three 
methods are used to analyze the influence of wind on 
the operation of an aircraft. The first method is to es-
tablish a motion model on the basis of aircraft dynam-
ics [7] and with consideration of the effect of wind. This 
method requires a specific motion model according 
to the performance parameters of different aircraft; 
hence, it has poor universality. The second method is 
the trajectory prediction algorithm based on data min-
ing [8], which mines the historical flight characteristics 
of aircraft among a large amount of historical data [9]. 
Given its large data requirement, this method has low 
processing efficiency. The third method is to process 
the wind field where the aircraft is as an uncertain sto-
chastic system [10, 11] and to fit the trajectories of 
the aircraft with Kalman filtering [12] or Markov chain 
[13]; however, this method has low accuracy.

The method proposed in the present study ac-
quires the predicted values at any point on the flight 
route with a spatial interpolation model to overcome 
the problem in which NWP data are located in a par-
ticular lattice. To solve the large errors of NWP data 
and the inapplicability of high-altitude meteorological 
data to low-altitude conditions, the proposed meth-
od fuses the low-altitude lattice prediction data and 
observation data of a specified ground international 
exchange station through the unscented Kalman filter 
(UKF)-based NWP interpretation technology to acquire 
the predicted low-altitude wind data. Finally, our meth-
od combines the wind speed and direction at the route 
points, as well as the true airspeed of the aircraft, to 
calculate the corrected groundspeed of the aircraft 
through vector composition. In this way, the proposed 
method corrects the arrival times at the route points 
and improves the accuracy of flight path planning in 
terms of time and space.

2. PREDICTED DATA ACQUISITION BASED 
ON SPATIAL INTERPOLATION MODEL

This study uses the predicted data in NetCDF 
format provided by the European Centre for Medi-
um-Range Weather Forecasts. The predicted data 
contain five pressure contour surfaces, namely, 1,000 
mbar, 975 mbar, 950 mbar, 925 mbar and 900 mbar. 
In standard atmospheric conditions, the correspond-
ing altitudes can be calculated as 110.82 m, 323.19 
m, 540.03 m, 761.53 m, and 987.94 m according to 
the relationship between atmospheric pressure and 
altitude, that is,

,P P H1 44 330
.

0
5 5288

= -b l
 (1)

where H refers to the height above sea level (unit: m), 
P refers to the atmospheric pressure at H (unit: mbar), 
and P0 refers to the standard sea-level pressure of 
1,013.25 mbar. 

The region where a planned flight path is and the 
coordinates of the exchange station in this region are 
determined according to the flight plan. Given the ran-
domness of the location distribution of the exchange 
station, its 3D coordinates (latitude, longitude, and 
height) will not coincide with the lattice coordinates 
of the predicted data in general. Thus, the predicat-
ed data need to be interpolated into the coordinates 
where the data recorded by the exchange station are 
located. Thus, this study proposes a spatial interpola-
tion model. 

Eight neighbouring lattice data can be determined 
according to the 3D coordinates of the station when 
an exchange station is selected. Their positions form 
a hexahedron in space; the exchange station is locat-
ed at a certain point in the hexahedron, as shown in 
Figure 1. Because the earth is an approximate sphere, 
this hexahedron is not a cuboid.
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Figure 1 – Diagram of the Spatial Interpolation Model 

Given that the coordinates of Z (position of the 
exchange station) are known, the coordinates of the 
hexahedral vertices and the u and v values at the ver-
tices can be obtained from the NetCDF data, u and v 
mean the wind speed along the latitude and longitude 
respectively. The u and v values of Z can then be ob-
tained after several two-point linear interpolation cal-
culations. For example, when solving the v value of Z, 
the v value at M1 must be calculated as 

v M v B v A v B x x
x x
A B

M B
1 1 1 1

1 1

1 1
$= + - -

-^ ^ ^ ^ ^
^h h h h h

h6 @  
(2)

In the formula, v(A1) and v(B1) are the wind com-
ponents at A1 and B1 along the longitude direction,  
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respectively; and xM1, xA1, and xB1 are the latitudes of 
M1, A1, and B1, respectively. The v values of N1, M2, 
and N2 can be also calculated with the interpolation 
method. The latitude and longitude coordinates of Z1 
and Z2 are the same as those of Z. These two points 
are located on the upper and lower isobaric surfaces 
near Z, respectively. Thus, v(Z1) and v(Z2) can be ob-
tained according to the interpolation calculation of M1 
and N1 and M2 and N2, respectively. By interpolating 
Z1 and Z2, one can obtain the wind component v of Z. 
Similarly, the wind component u of Z can be solved. 
Consequently, the wind speed and direction can be 
solved. 

3. METEOROLOGICAL DATA FUSION BASED 
ON UKF

Given that low-altitude air movement is seriously 
affected by orographic disturbance and surface fric-
tion, which lead to air current chaos, low-altitude wind 
and the wind in the free atmosphere in high altitude 
show different characteristics. Low-altitude wind is 
characterized by strong stochastic volatility, and its 
observation values have obvious non-linear character-
istics. UKF has a strong ability to deal with stochastic 
volatility; hence, it is applicable to the estimation of 
non-linear systems formed by wind speed and direc-
tion. Specifically, UKF is an algorithm that combines 
unscented transformation and Kalman filtering [14] 
and solves the predicted values of follow-up times 
with sample points. UKF uses unscented transforma-
tion to approximate the probability density distribution 
of a non-linear function. Unscented transformation is 
a method of calculating the statistical properties of 
random variables. This method constructs a σ set ac-
cording to the mean and variance of given amounts 
and performs non-linear transformation and weighted 
calculation on the set to obtain the updated filtering 
value, that is, the predicted value of the system at the 
next moment, through a non-linear state equation.

Assuming that x is the state vector of L dimensions 
with a mean of x  and a variance of PX and according 
to the statistics x  and PX of x, 2L+1 weighted sample 
points Si{Wi, χ i} are selected to approximate the distri-
bution of the state vector x, in which Wi is the weight of 
χi and χi and is called the σ point. The σ set is obtained 
as follows: 

,
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where λ is the scale parameter. Adjusting λ can im-
prove approximation accuracy. This group of sample 
points χi can approximately represent the Gaussian 
distribution of the state vector x.

After the f(·) non-linear transformation of the con-
structed point set {χi}, the transformed σ set Yi=f(χi), 
i=0,1,..., 2L can be obtained. The transformed σ set    
{Yi} an approximately represent the distribution of 
y=f(x).
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where Wi
m^ h  and Wi

c^ h  are the weights for calculating 
the mean and variance of y, respectively. The calcula-
tion formula is given by 
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where λ=α2(L+κ) - L.
Three parameters, namely α, β, and κ, must be de-

termined in the mean and variance weighting. Their 
significance and value ranges are as follows. The value 
of α determines the distribution of σ around ,x  which 
is usually set to a small positive number (1e-3≤α<1), 
here, α=0.001. β is the state distribution parameter, 
with β =2 being the optimal value for a Gaussian dis-
tribution. If the state variable is a single one, β =0 is 
the optimal value. κ is the second scale parameter, 
which is usually set to 0 or 3−n, n is the dimension of 
state variable. The proper adjustment of α and κ can 
improve the accuracy of the estimated mean; such ad-
justment can improve the precision of variance.

The values of wind speed and direction with re-
spect to the time series can be regarded as the dis-
crete non-linear system as follows:

x f x wk k k1 = ++ ^ h  (9)

xy h vk k k= +^ h  (10)

Assuming that the process noise wk and the mea-
surement noise vk are the white Gaussian noises with 
a mean of 0 and covariances of Qk=0.01 and Rk=0.25, 
respectively, and are unrelated to each other, the UKF 
algorithm is represented as follows:
1) Initialization condition:

x E x0 0= 6 @V   (11)

P E x x x x T
0 0 0 0 0= - -^ ^h h7 AV V  (12)

2) For k∈{1,...,∞}, σ is calculated to obtain 

x x L Pk k k k1 1 1 1! m\ = +a a a a
- - - -^ h7 AV V  (13)

3) Time propagation equation: 

,Fk k k k
vx
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- - -6 @  (14)
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4) Measurement updating equation: 
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In Equations 11 to 23, the subscript k in the vari-
ables refers to the discrete time point in the data 
sequence of wind speed or direction, and the serial 
number i refers to the ith component of the vector. x kV  
is the estimate of the system state at k by the UKF 
algorithm, and Pk is the estimate of the system state 
variance at k. The predicted values obtained with the 
UKF algorithm are different from the NWP data. Such 
difference is known as the system error of numerical 
prediction. After correcting the error according to the 
original predicted values, highly accurate wind speed 
and direction values can be obtained. 

4. FLIGHT PATH CORRECTION BASED ON 
VELOCITY VECTOR COMPOSITION

After determining the flight path and wind velocity, 
the velocity vector composition algorithm can be used 
to analyze the effect of wind on the flight and solve the 
airspeed of the aircraft and the resultant velocity of 
wind speed, that is, the groundspeed. The flight times 
of different legs and the arrival times at different route 
points can then be determined by the groundspeed.

1) Effect of wind on groundspeed 
As shown in Figure 2, AB is the initially planned flight 

path. If the aircraft maintains the heading angle equal 
to the course angle when encountering crosswind 
Vwind, it will deviate from the planned flight path AB un-
der the influence of crosswind. To make the aircraft 
fly along the planned path, that is, making the path 
angle equal to the course angle, the aircraft should 
veer windward so as to balance the drift caused by the 
crosswind.

Vwind

VGS
A B

ΘTAS

Θwind WTAS

Figure 2 – Groundspeed composition diagram  

Groundspeed is solved according to the airspeed 
of the aircraft, wind speed, and wind direction, that is, 

coscosV V VGS TAS TAS wind wind$ $i i= +  (24)

where VGS refers to the groundspeed, VTAS refers to the 
airspeed, Vwind refers to the wind speed, θwind refers 
to the angle between the flight course and the flight 
path, and θTAS refers to the angle between the wind 
direction and the flight path. In addition, wind has no 
influence on the climbing and descending rates in the 
process of aircraft ascent and descent, but it chang-
es the speed of the aircraft in the horizontal direction. 
Thus, the time for the aircraft to climb or descend to 
a specified height is not affected; however, the arrival 
position may be biased. A-B-C-D, A-B1-C1-D, and A-B2-
C2-D in Figure 3 are the flight profiles in no-wind con-
ditions, adverse wind conditions, and favourable wind 
conditions, respectively. 

B

A D

B1 B2 C2 C C1

Figure 3 – Flight profiles under the influence of wind 

2) Calculation of arrival times at the route points 
It is assumed that the coordinates of route points 

i and i+1 are known and that the aircraft passes i at 
Ti. According to the method mentioned previously, the 
corrected groundspeeds of i and i+1 are solved and 
written as VGS and V '

GS , respectively. Then, the average 
groundspeed in this flight leg can be calculated by the 
corrected groundspeeds of i and i+1: 

V V V
2

'
GS

GS GS= +^ h
 (25)

The flight leg distance D can be solved by the coor-
dinates of i and i+1. Then, the time ΔT for flying across 
the leg in the presence of wind is determined by

T V
D
GS

D =  (26)

The arrival time at the route point i+1 is Ti+ΔT. Af-
ter correcting the arrival times at the route points on 
the original planned path successively, the corrected 
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planned path under the influence of low-altitude wind 
is obtained.

5. EXAMPLE ANALYSIS
A Z-9 that undertakes personnel transfer missions 

is taken as an example in this study. In the whole flight 
process, the helicopter is assumed to climb to 500 m 
high above sea level and then levels off. During the 
level flight, the aircraft flies with a constant cruising 
speed in a straight line. In the climbing and landing 
stages, the aircraft flies with constant acceleration at 
an average speed that is half of the cruising speed in 
a straight line; the average rates for both the climbing 
and descending stages are half of the standard rate of 
climb, equals 2 m/s. 

On the basis of the temporal–spatial parameters of 
the initially planned flight path, we select the predicted 
lattice data of three isobaric surfaces with pressure 
altitudes of 1,000 mbar, 975 mbar, and 950 mbar and 
a coverage range of 118.625°E to 119.125°E and 
31.5°N to 32°N within 48 h before the flight. The me-
teorological data of the international exchange station 
(No. 58,238) in this area on the same day and its spa-
tial coordinates (118.862°E, 31.742°N and 14.9 m) 
are acquired. The wind velocity of the predicted data 
at the coordinates of the exchange station is solved 
by the hexahedron interpolation model, as shown in 
Table 1.
Table 1 – Predicted values of wind velocity at the exchange 
station

Time Series Wind Speed (m/s) Wind Direction (°)

1 9.14 178.78
2 6.82 178.78
3 10.56 178.85
4 10.76 178.96
5 11.38 179.07
6 9.63 178.86
7 12.80 178.85
8 10.78 178.86

The numerical predicted data are corrected with 
the UKF method on the basis of observation data from 
the exchange station within 48 h before the flight to 
obtain the values of wind speed and direction at the 
corresponding times. The predicted result shows an 
obvious improvement with respect to the result ob-
tained with Kalman filtering, as shown in Figures 4 
a), b), c), and d). The system error of the NWP can be 
obtained by comparing the predicted values with the 
observation values. The wind speed correction is ΔV= 
−1.74 m/s, and the forecast wind direction correction 
is Δφ= −63.30°.

The predicted results of the Kalman filtering and 
UKF are evaluated by three indices, namely, average 
error eM, average absolute error eMA, and root-mean-
square error eRMSE. Their calculation Formulas are 

shown in 27, 28, and 29. The prediction errors of wind 
speed and direction obtained with the two methods 
are listed in Tables 2 and 3, respectively.  

W
in

d 
sp

ee
d 

[m
/s

] record speed
UKF forecast speed

0 10 20 30 40 50
time [h]

a)

25

20

15

10

5

0

W
in

d 
sp

ee
d 

[m
/s

] record speed
Kalman forecast speed

0 10 20 30 40 50
time [h]

b)

25

20

15

10

5

0

W
in

d 
di

re
ct

io
n 

[º]

record direction
UKF forecast direction

0 10 20 30 40 50
time [h]

c)

150

125

100

75

50

W
in

d 
di

re
ct

io
n 

[º]

record direction
Kalman forecast direction

0 10 20 30 40 50
time [h]

d)

150

125

100

75

50

Figure 4 – Prediction curves of wind speed and direction by 
UKF and Kalman Filtering
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where fi and oi(i=1,…,k) are estimates and observa-
tions. Figures 5 a) and 5 b) show the predicted RMSE 
curves of wind speed and wind direction obtained with 
Kalman filtering and UKF, respectively. The predicted 
RMSEs of wind speed and direction obtained with UKF 
show a reduction of 12.88% and 17.50%, respectively, 
in comparison with the prediction results of Kalman 
filtering. The prediction results are significantly im-
proved.

Table 2 – Wind speed forecast error

Indices Kalman UKF

eM (m/s) −0.08 −0.04
eMA (m/s) 1.84 0.84
eRMSE (%) 14.96 2.08

Table 3 – Wind direction forecast error

Indices Kalman UKF

eM (°) −0.24 −0.11
eMA (°) 5.68 3.12

eRMSE (%) 29.47 11.97

The interpolation method is used to calculate Z-9 
after the route forecast wind velocity. Consequently, 
the system error is eliminated and can be concluded 
as the route point correction wind velocity. The route 
points of the helicopter used in this study are present-
ed in Table 4, which also shows the route correction of 
wind speed, wind direction, and speed.
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Figure 5 – Forecast RMSE curves by UKF and Kalman 
Filtering 

Table 4 – Parameters of the route points passed by Z-9

Waypoint Wind Speed 
(m/s)

Wind Direc-
tion (°)

Groundspeed 
(m/s)

1 9.10 229.30 0
2 8.07 251.96 62.51
3 8.44 254.00 62.10
4 9.25 234.71 0

The flight times in different legs can be obtained by 
substituting the groundspeeds of the aircraft at differ-
ent route points. The arrival times at the route points 

Table 5 – Comparison between the planned and corrected flight paths

Parameter Planned Flight Path Corrected Flight Path

Take-off Position
Longitude 118.625°E 118.625°E
Latitude 31.775°N 31.775°N
Altitude 11 m 11 m

Take-off Time 00:00:00 00:00:00

Level Flight 
Beginning Position

Longitude 118.714°E 118.695°E
Latitude 31.769°N 31.770°N
Altitude 500 m 500 m

Level Flight Beginning Time 00:04:05 00:04:16

Level Flight 
Ending Position

Longitude 118.912°E 118.931°E
Latitude 31.756°N 31.755°N
Altitude 500 m 500 m

Level Flight Ending Time 00:08:35 00:08:19

Descent Position
Longitude 119°E 119°E
Latitude 31.75°N 31.75°N
Altitude 19 m 19 m

Descent Time 00:12:36 00:12:20
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under the influence of wind can then be obtained. The 
location of the route points and time information of 
the initially planned flight path are updated. As shown 
in Table 5, after comparing the initially planned flight 
path and the corrected one under the influence of fa-
vourable wind, the position of the aircraft arriving at 
the level flight height after climbing moves backward, 
thus ending the level flight and beginning the forward 
landing movement. In this instance, both the cruising 
distance and time are reduced.

6. CONCLUSION
Air rescue requires quick reaction, efficient perfor-

mance, scientific implementation, and safe operation. 
The planned flight path of an aircraft should keep a 
safe separation of other aircraft in a low-altitude envi-
ronment. However, the low-altitude wind is an import-
ant factor that causes a deviation between the actual 
operating path and the planned operating path during 
an actual flight. In order to correct the deviation in a 
low-altitude environment, this study established a 
weather prediction correction model. The vector wind 
data of different route points are acquired through the 
interpolation model, which fuses the recorded data 
and the predicted data through UKF-based NWP inter-
pretation technology. The proposed method calculates 
the groundspeed of the aircraft with vector composi-
tion and corrects the arrival times at the route points. 
The test consequence shows that the proposed model 
improves the accuracy of flight path planning in terms 
of time and space compared with the models present-
ed in previous research. Given the instability and dif-
ficult prediction of low-altitude wind, further research 
will focus on the fusion of multi-source, low-altitude 
meteorological data and the correction of flight path in 
a special low-altitude environment, such as wind shear 
and mountain flight, to improve the accuracy of flight 
path prediction under complex low-altitude wind.
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张明,王硕,喻慧

基于气象预测模型的低空规划航迹修正方法

摘要
本文提出了采用低空风预测模型来修正低空航空器
飞行路径方法。考虑采用数值天气预测数据存在较
大误差，且高空气象数据不适用于低空运行环境，
模型将低空网格预测数据和飞行区域内的国际交换
站数据，通过应用基于无迹卡尔曼滤波（UKF）的
数值气象预报释用技术，将观测点的风速、风向记
录数据与预报值进行融合，校正预报数据的系统

误差，得出修正预测值。最后，结合航空器的爬升
率、巡航速度等性能参数与所经航路点的风速、风
向信息，依据速度矢量合成原理，修正各航路点的
过点时刻。仿真实验表明，与传统的卡尔曼滤波预
测方法相比，由UKF方法预测得到的风速、风向RMSE
分别减少了12.88%与17.50%，对初始规划航迹的修
正更为精确。

关键词
低空救援；航迹修正；气象预测模型；无迹卡尔曼
滤波
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