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ABSTRACT: The hydrogen balloon is widely used for wind sensing by tracking it with optical theodolites. The traditional
theodolite observation (single- and double-theodolite) methods assume that the balloon is a perfect tracer of the background wind and it rises with a constant speed during the whole observation period, but these assumptions may not hold
well in complex wind circumstances. In this paper, an accurate wind ﬁeld retrieval method based on multi-theodolite measurement is proposed. The extended Kalman ﬁlter algorithm is used to ﬁlter the angle data observed by the theodolites in
order to accurately estimate the trajectory of the balloon, and the motion equation is used to correct the velocity difference
between the background wind and the balloon. As a result, not only the horizontal velocity but also the vertical velocity
can be accurately retrieved by this method. Numerical simulation and ﬁeld experiments show that the multi-theodolite observation method excels the traditional single-theodolite method, and the velocity errors can be reduced by even more
than 40% in comparison with the single-theodolite method for complex wind cases.
SIGNIFICANACE STATEMENT: In the meteorological community, hydrogen balloon tracking is a widely used
wind retrieval method, but the accuracy is limited, especially under complex wind conditions. In this paper, a new
method based on tracking the hydrogen balloon with multi-theodolite is proposed, which uses the extended Kalman
ﬁlter and the motion equation to get an accurate estimation of the balloon’s velocity and ﬁx the inertia effect of balloon,
respectively. Simulation and ﬁeld experiment show that the new method can reduce the velocity error by more than
40% compared with the traditional method.
KEYWORDS: Wind; Instrumentation/sensors; Measurements; Radiosonde/rawinsonde observations; Kalman ﬁlters;
Wind effects

1. Introduction
As a natural phenomenon, wind has a signiﬁcant inﬂuence
on people’s everyday lives. In aviation meteorology, the wind
is critical for aviation safety, particularly during takeoff and
landing phases. For example, on 28 May 2013, a hot-air balloon encountered a thunderstorm during a ﬂight from Amersfoort to Utrecht in the central part of the Netherlands, which
caused a sudden descent of the balloon (de Bruijn et al. 2016).
Currently, hydrogen balloon tracking, anemometer, Doppler
lidar, wind proﬁler radar, and Doppler radar (Stith et al. 2018;
Liu et al. 2019) are the major approaches for wind ﬁeld measurement. Due to the low cost and simple operation, hydrogen balloon is widely used for wind proﬁle measurement and
it is also taken as a benchmark to calibrate other velocity
measuring sensors (Stith et al. 2018; Wilkerson et al. 2012;
Rider and Armendariz 1966). For the hydrogen balloon observation method, there are two types of balloon tracking
approaches, say, the optical theodolite observation of pilot
balloon and the remote sensing of the balloon, which carries
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the GNSS and radiosonde sensors. Generally, the GNSS and
radiosonde technology is more costly than the pilot balloon
measuring method, and the accuracy is sometime unsatisfactory, so the main attention is focused on the former approach
(van den Heever et al. 2021).
The hydrogen balloons are small, lightweight latex balloons
that are inﬂated with hydrogen. They are generally red or white
in color and with a diameter of 0.3–0.5 m. The tracking method
obtains the wind information by using one or two theodolites
to observe the balloon continuously. The single-theodolite
method measures the elevation and azimuth angles of the hydrogen balloon at a series of time samples, and then obtains
the wind velocity and direction through some basic algebraic
calculations by assuming that the rising velocity is constant
(Thyer 1962). This method is convenient and easy to be implemented, and it plays an important role in the meteorological
community (Wilkerson et al. 2012; Tuononen et al. 2017; Noh
et al. 2021; Ha et al. 2018; Sun and Xu 2021; Zheng et al. 2021).
Existing research shows that the single-theodolite method
performs well in simple wind cases, but its performances tend
to be deteriorated when the complex wind ﬁelds are taken
into consideration. The deterioration is mainly caused by the
fact that the assumption of constant balloon rising velocity
may not hold true in these cases. The double-theodolite
method, which uses two theodolites separated by a certain
distance to simultaneously measure the elevation and azimuth
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angles of the balloon, can retrieve the trajectory of the hydrogen balloon without assuming a constant rising velocity, but
the retrieval accuracy is susceptible to the geometry setup of
the two theodolites (Schaefer and Doswell 1978; Huang et al.
2018).
Furthermore, the balloon is assumed to be a perfect tracer
of the wind ﬁeld in both the single- and double-theodolite
methods. In other words, the hydrogen balloon’s motion is
considered to be consistent with the background wind. However, due to the inertia of the balloon, the motion state of the
hydrogen balloon may differ greatly from the actual background wind ﬁeld when the wind velocity varies dynamically,
and an algorithm to obtain the true background wind ﬁeld
from the motion of the hydrogen balloon is in urgent demand.
To handle the above limitations of the existing approaches,
we propose an accurate wind retrieval method based on observing hydrogen balloons with multi-theodolite measurements.
To improve the accuracy of the retrieved wind, the extended
Kalman ﬁlter (EKF) and motion equation are applied. In
the ﬁeld experiments, multi-theodolite measurements and
Doppler lidar wind data were carried out and analyzed, which
demonstrate that the proposed method can accurately retrieve
the vertical and horizontal velocities of background wind.
The paper is organized as follows. Section 1 describes the
signiﬁcance of the wind ﬁeld detection, and presents the application and difﬁculty of pilot balloon measurement. Section 2
proposes a new multi-theodolite measurement method to
handle the weaknesses of the traditional single-theodolite
measurement method. The simulations and ﬁeld measurement results to verify the performance of the proposed
method are presented in sections 3 and 4, respectively. Conclusions and remarks are presented in section 5.

2. Methodology
As mentioned in section 1, the traditional wind retrieval
method with hydrogen balloon observation is generally based
on two assumptions: 1) the balloon rises at a constant velocity
during the whole observation period, and 2) the hydrogen balloon is a perfect tracer of the background wind. But in practice, these assumptions may not hold well, and they may
result in considerable errors for the estimated wind, especially
in complex wind ﬁeld situations. To solve the above problems,
a method based on multi-theodolite observation of drifting
hydrogen balloon is proposed in this paper. Two main ideas
are involved in the method: 1) the drifting balloon is observed
by multi-theodolite simultaneously, and the collected azimuth
and elevation angle data are processed by the EKF to get
accurate estimation of the trajectory and velocity of the balloon, and 2) by taking into account of the balloon’s inertia,
the motion equation is used to well retrieve the background
wind from the balloon’s motion state.
In our work, the EKF algorithm, which has potential in target tracking, is used to estimate the trajectory and velocity of
the hydrogen balloon. Subsequently, the motion equation,
which combines the drag force, mass, buoyancy force, and
acceleration of the hydrogen balloon, is employed to retrieve
the background wind accurately from the balloon velocity.
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FIG. 1. Schematic diagram of hydrogen balloon observation by
a single theodolite.

Through this method, the 3D wind vector can be well retrieved.
We carried out simulation and ﬁeld experiment to verify the
good performance of this method. In the simulation, uniform
and complex background wind were introduced to test the performance of the proposed method, respectively. In the ﬁeld
experiment, three identical optical theodolites were deployed
to observe the released hydrogen balloon simultaneously, and
a Doppler wind lidar with high detection accuracy was used as
the benchmark to verify the accuracy of the new method. Of
course, due to the requirement of direct observation of theodolite, this method can only be applied below a cloud base.
Before we introduce the new method, the principle and
weakness of the traditional method is discussed.

a. The traditional pilot hydrogen balloon observation
mode and its limitations
The principle of hydrogen balloon observation by a single
theodolite is shown in Fig. 1. When a hydrogen balloon is set
free in the atmosphere, its motion is generally dominated by
three forces, i.e., the buoyancy Fb caused by the density difference between air and hydrogen, the gravity of the balloon system G (the balloon itself, its appendages, and the hydrogen
involved), and the drag force Fd caused by the velocity difference (DV) between the balloon and the background wind. Ignoring the changes of the balloon volume and air density, the
buoyancy and gravity will remain unchanged during the time
period from the ﬁrst observation to the last. However, the
drag force keeps changing and has a nonlinear relationship
with the velocity difference DV (Flemmer and Banks 1986;
Jourdan et al. 2007). When the balloon is ﬁrst set free, the initial buoyancy is larger than the gravity, which leads to the increase of rising velocity of the balloon. As the rising velocity
increases, the drag force becomes more complex.
Generally, the rising speed of the hydrogen balloon is assumed to be constant during the observation period. Based
on this assumption, the height of the hydrogen balloon can be
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calculated directly according to the sampling interval Dt, then
the position at any moment can also be obtained by a series
of trigonometric functions using the observed elevation and
azimuth angles. The horizontal velocity components are obtained by dividing the balloon position increment DX by the
time interval Dt. By the way, this method can only retrieve the
horizontal velocity, and it strongly depends on the constant
rising speed assumption. But due to the existence of drag
force, the rising velocity of the hydrogen balloon is generally
nonconstant in practice. This does not match the assumption
of the single-theodolite measurement method and may lead
to considerable errors in complex wind situations. Therefore,
efforts should be made to relax the constant rising velocity
assumption, and the multi-theodolite observation is a very
promising solution, because it can provide position information of the balloon from different directions. More details will
be provided in the next subsection.
Moreover, in the above process, the balloon is assumed to
be a perfect tracer of the background wind, but this assumption
may not hold well in practice because the inertia may play an
important role in determining the motion state of the balloon.
Inertia is a key parameter to show the inﬂuence of the background ﬂow to the motion of the object and the Stokes number
is generally used to evaluate the inertia (Wang et al. 2021). The
Stokes number is deﬁned as St = ts/tﬂow, where ts = rdD2/(18m)
is the relaxation time of the object, tﬂow = L/u0 is the characteristic time of the background ﬂow. rd is the density of the object,
L, m, and u0 are the characteristic length, viscosity, and velocity
of the background ﬂow, and D is the characteristic scale of the
obstacle. If St ,, 1, the inertia can be neglected; otherwise,
the inertia is strong, and the object is not a good tracer for the
background wind. For a hydrogen balloon, assume the diameter
is 0.5 m, the velocity and the characteristic length of the background ﬂow are 2 m s21 and 50 m, respectively, then ts ≈ 60 s, tﬂow
≈ 25 s, and the Stokes number of the hydrogen balloon is about
2.4. In this manner, the inertia of the hydrogen balloon cannot be
neglected in practice and efforts should be made to accurately retrieve the background wind by taking into account the inertia.

b. Principle of the multi-theodolite observation
In this paper, a wind ﬁeld retrieval method based on tracking
the hydrogen balloon by multi-theodolite is proposed, where
the extend Kalman ﬁlter is used to accurately get the trajectory
and velocity of the balloon, and the motion equation of the balloon is used to retrieve the background wind subsequently. An
example of two-theodolite observation scheme is shown in
Fig. 2. The location of one theodolite point is set as the coordinate origin (0, 0, 0), and the positive direction of x, y, and z
axes are east, north, and vertical, respectively. The azimuth angle (u) is measured clockwise from north. Generally the theodolites’ coordinates and the relative angles between them can
be obtained in advance. (Xm, Ym, Zm) represents the coordinates of the mth theodolite and (xn, yn, zn) is the coordinates of
the hydrogen balloon at the nth observation.
During the ﬁeld campaign, all the theodolites are operated
by human observers to track the drifting balloon, and the azimuth and elevation angles are recorded. Each theodolite has

FIG. 2. Schematic diagram of hydrogen balloon observation by two
theodolites.

a synchronized stopwatch, and all the theodolite measurements are carried out according to the scheduled time samples
of the stopwatches.
When the observation is completed, the coordinates of the
balloon at each moment can be calculated theoretically by the
principle of binocular/multiocular vision; however, the error
of this method tends to become large as the balloon distance
increase. Fortunately, the Kalman ﬁlter is an algorithm that
uses a series of measurements to estimate the state of a process, which produces an optimization estimate of unknown
variables that tend to be more accurate than those based on a
single direct measurement (Welch and Bishop 1995). In this
paper, the Kalman ﬁlter is used to process the recorded angle
data by the theodolites. Generally, the traditional Kalman ﬁlter works well for linear systems, but the motion of the balloon is with a certain nonlinearity due to the complex forces
involved, so the EKF, which was developed to solve nonlinear
problems, is employed in this paper to better retrieve the trajectory of the balloon. The principle of the EKF algorithm
can be summarized as the following ﬁve equations (Ullah et al.
2021): the state prediction equation, Eq. (1); the estimation
covariance equation, Eq. (2); the Kalman gain equation,
Eq. (3); the measurement renewal equation, Eq. (4); and the
covariance renewal equation, Eq. (5):
X
n21  Un21 Xn21 1 vn21 ,

(1)

T
P
n21  Un21 Pk21 Un21 1 Qn21 ,

(2)

21
T
 T
Kn  P
n21 Hn (Hn Pn21 Hn 1 Rn ) ,

(3)

  X 1 K [z 2 h(X )],
X
n
n21
n n
n21

(4)

  (I 2 K H )P :
P
n
n n
n21

(5)

In the above equations, Xn 5 [xn , ẋ n , ẍ n , yn , ẏ n ,ÿ n , zn , żn, z̈ n ]T
is the state vector for the nth observation, (xn , yn , zn ),
(ẋ n , ẏ n , ż n ), and (ẍ n , ÿ n , z̈ n ) are the position, velocity, and
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acceleration of the hydrogen balloon, respectively;
T
zn  [u1n , f1n , u2n , f2n , u3n , f3n …, unm ,fm
n ] is the observation vector
m
for the nth measurement with un and fm
n being the azimuth
and elevation angles of the hydrogen balloon observed by
theodolite m at tn; v is the random noise, P is the estimation covariance matrix, Q and R are the state transition error covariance matrix and the observation error covariance
matrix, respectively, Kn is the Kalman gain, and I is an
identity matrix. The state transition matrix F is expressed
as (6), the measurement matrix hn is expressed as (7), and
the Jacobian matrix Hn  hn /X
n21 is expressed as (8):
⎡⎢⎢⎢ U1
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ẋ

hm
n
ẍ
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When the initial value of the state variables and the observation data are substituted into Eqs. (1)–(7), the corresponding position and velocity of the hydrogen balloon can be
estimated through the EKF algorithm. The performance will
be discussed in the next section.

c. Retrieval of the background wind with the motion
equation of the balloon
According to the above analysis, the movement of the hydrogen balloon does not directly represent the real background
wind, so efforts should be made to extract the wind information from the observation data. As shown in Fig. 2, the
hydrogen balloon’s motion is subject to the gravity, the
buoyancy, and the drag force, so the acceleration can be deﬁned as follows according to Newton’s second law:
a

Fb 1 G 1 Fd
,
m

(9)

where Fb is the buoyancy force caused by the density difference between the air and the hydrogen, G is the gravity of the
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balloon system (the balloon itself, its appendages, and the hydrogen involved), Fd is the drag force caused by the velocity
difference between the balloon and the background wind
(DV), a is the acceleration of the balloon, and m is the total
mass of the balloon system. It is known that the air can be regarded as a type of Newtonian ﬂuid, so the drag force of the
hydrogen balloon can be expressed as follows (Johnson 1954;
de Bruijn et al. 2016):
⎪
pD
1
⎧
⎪
⎪
⎨ Fd  2 Cd ra |DV|DV
2
4
,
⎪
⎪
⎪
⎩ DV  v 2 v
w
b

(10)

where Cd, D, and vb are the drag coefﬁcient, diameter, and velocity of the hydrogen balloon, respectively, ra is the air density, vw is the velocity of the background wind. According to
the buoyancy equation Fb = 2ragV and gravity equation
G = mg, Eq. (9) can be rewritten as


pD2
1
(11)
Cd
a  2ra gV 1 mg 1
ra |DV|DV m,
2
4
where V is the volume of the hydrogen balloon.
When preparing the hydrogen balloon, the mass of the balloon system (including its appendages) for a certain rising
speed can be determined in advance according to the force
balance of the balloon. This information is usually provided
by the balloon manufacturer.
If the volume and the drag coefﬁcient of the balloon are assumed to remain unchanged during the observation period,
and the variation of the air density is ignored, the drag coefﬁcient of the hydrogen balloon can be rewritten as follows according to the force balance for the initial rising velocity:


1 4gD
8mg
2
:
(12)
Cd  2
y up 3
pra D2
The motion equation of the hydrogen balloon can then be
obtained by substituting Eqs. (10) and (12) into Eq. (9):




rV
g ra V
2 1 |DV|DV:
(13)
a 2 a 11 g1 2
m
y up m
Since the acceleration of the balloon a = dvb/dt can be obtained
by the previous EKF algorithm, so the velocity components Dyx,
Dyy, and Dyz can be obtained from the three components of the
above equation. Subsequently, the background wind vw can be
obtained from DV = vw 2 vb, say, vw = vb 1 DV.

3. Simulation experiment
a. Simulation settings
In this simulation, a background wind ﬁeld is given, then a
hydrogen balloon with an initial rising velocity is set free. The
trajectory of the balloon is simulated according to the motion
equation, which is transformed into angle values for each
theodolite. The Gaussian random errors are added to these
angles to better meet the true measurements. Finally, the
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FIG. 3. Height proﬁle of the simulated wind ﬁeld: (a) the U/V velocity component and (b) the Z velocity component.

proposed method is used to retrieve the background wind and
the performance of the retrieved results is evaluated.
Two cases are considered in the simulation: a uniform back

ground wind and a complex background wind Ux Uy Uz :


 x

U Uy Uz uniform 5 3 3 1 (m s21 ),
(14)
 x

U Uy Uz complex 5 Uturb 1 Ushear (m s21 ),
(15)
where Uturb represents the turbulent velocity, which is generated by the quasi-wavelet method (Wilson et al. 2004); Ushear
represents the velocity of three-dimensional nonlinear windshear, its height proﬁle as shown in Fig. 3.
The total mass and the diameter of the hydrogen balloon
system are set as 70 g and 50 cm, respectively. It is assumed
that the hydrogen balloon is an ideal smooth sphere with a
drag coefﬁcient of 0.4 (Flemmer and Banks 1986; Bergman
et al. 2020), and the initial velocity of the balloon is (0, 0, 0)
when it is set free. Under the standard atmospheric environment
(air temperature = 08C, 1 standard atmospheric pressure, air
density = 1.293 kg m23), the trajectory can be simulated by the
fourth-order Runge–Kutta method (Ahmadianfar et al. 2021).

b. Error analysis
For the multi-theodolite observation method, the geometry
structure is the key role that determines the accuracy of the

retrieved wind, so it is important to adopt a certain strategy to
organize the theodolites. Considering the cost and convenience for observation, two or three theodolites are applied in
this paper. The root-mean-square errors against the angle between the background wind and the baseline of the two theodolites are given in Fig. 4. In this case, the direction of
the background wind is 2258 or 458. One theodolite is set at
the origin point (0, 0, 0), the other theodolite is set at a distance of 100 m away from O(0, 0, 0) on the same sea level,
and the balloon is released free from (2200, 100, 0) m. While
the azimuth of the line of the two theodolites is at an angle between 08 and 1808, we can get the wind retrieval performance
of the method. It is seen that the retrieval error changes drastically as the angle changes, both for trajectory and velocity
error. And the value of error reaches the maximum when the
baseline of the two theodolites is parallel to the background
wind (458), and decreases rapidly to the best accuracy point
when the baseline is perpendicular to wind (1358). This
result is consistent with the existing conclusion presented in
Schaefer and Doswell (1978).
The accuracy of the two theodolites observation mode is
also affected by the position where the balloon is set free.
Consider the most extreme case that the balloon is released
along the line of the two theodolites. If the background wind
direction is parallel to the line, the balloon’s trajectory will lie

FIG. 4. Retrieval (a) trajectory error and (b) velocity error of different angles.
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FIG. 5. Velocity error comparison between the two-theodolite method and the three-theodolite method: (a)–(c) under
uniform wind ﬁeld and (d)–(f) under complex wind ﬁeld. Rows show (a),(d), U, (b),(e) V, and (c),(f) W velocity components.

in the vertical plane of the theodolites. As a result, the azimuth angles of the balloon observed by the two theodolites
will be almost the same (or with a difference of 1808), and the
estimate of the balloon position may lead to considerable

errors. Therefore, the balloon should be set free away from
the line of two theodolites to avoid the above error.
For three-theodolite method, we set them into an equilateral
triangle, so there will be at least one edge approximately
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perpendicular to the background wind. Figure 5 gives a comparison of the two- and the three-theodolite observation
method in different wind conditions, where Figs. 5a–c are
under uniform wind ﬁeld, and Figs. 5d–f are under complex
wind ﬁeld as shown in Fig. 3. In this case, the distances between each two theodolites are 200 m, and the relative azimuth angles are 158 and 758, respectively. The coordinates
of each theodolite are (2200, 200, 1) m, (2148.2, 393.2, 1) m,
and (26.8, 251.1, 8.1) m. We use the root-mean-square

error (RMSE): RMSE(X)  [ (Xi 2 Xitrue )2 /N]1/2 , where
X = {Xi, i = 1, … , N}, Xi is retrieved value, Xitrue is true
value, to show the accuracy of the retrieved velocity.
We can ﬁnd that the three-theodolite method can get more
accurate results than the two-theodolite method under the
same wind condition.
In the simulation, the Gaussian random errors that obey
the normal distribution [N(0, s2), s = 0.18] are added to the
true azimuth and elevation angles. When three or more
groups of azimuth and elevation angles are in ready, the position of the hydrogen balloon can be calculated accurately by
the EKF introduced in section 2. As shown in Fig. 6, “MT” represents the velocity error generated by the multi-theodolite
method, and “MT 1 KF” represents the velocity error generated by the combination of the multi-theodolite (MT) and the
Kalman ﬁlter (KF) method. It is seen that this method has high
accuracy in trajectory retrieval, and the RMSE in each direction
is less than 0.3 m under complex wind ﬁeld, which is much
smaller than that of the traditional observation method. This
shows the strength of EKF in trajectory retrieval.
Substituting the velocity information obtained by multitheodolite observation method into Eq. (13), then the velocity of the hydrogen balloon and the background wind
can be retrieved, respectively. The velocity error is shown
in Fig. 7, where Figs. 7a–c are under the uniform wind ﬁeld,
and Figs. 7d–f are under the complex wind ﬁeld as shown in
Fig. 3, “MT 1 KF” represents the velocity error generated
by the MT and the KF method, “MT 1 KF 1 ME” represents the velocity error generated by the multi-theodolite,
the Kalman ﬁlter and motion equation (ME) method, “TST”
represents the velocity error generated by the traditional
single-theodolite (TST) method. The accuracy of the retrieved
wind can be improved a lot by using three-theodolite observation than that of the traditional single-theodolite method under same wind conditions, and the three-theodolite method
can reduce the velocity errors by more than 70% (RMSE:
0.75–0.13 m s21, 0.77–0.20 m s21) in horizontal direction and
80% (RMSE: 1.0–0.14 m s21) in vertical direction for the complex wind case. The red rectangles in Figs. 7d and 7e mark the
certain periods of time after the inﬂection points of the
height–U/V velocity plot in Fig. 3. Before those points, the velocity of balloon is consistent with the background wind velocity; when the background wind reaches the inﬂection point,
the velocity difference DV between the balloon and the background wind increases, the drag force Fd generated by DV intends to lead to velocity errors if the ME method is not take
into account; later on, the velocity errors become larger with
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FIG. 6. Position error comparison between the multi-theodolite
and the multi-theodolite 1 EKF method under complex wind ﬁeld:
(a) x, (b) y, and (c) z position error.
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FIG. 7. Velocity error comparison of retrieved wind ﬁeld and background wind ﬁeld by EKF method: (a)–(c) under
uniform wind ﬁeld and (d)–(f) under complex wind ﬁeld. Rows show (a),(d), U, (b),(e) V, and (c),(f) W velocity
components.

the increase of DV, and the effect of the drag force on the balloon also grows larger, then the effect will lead to the decrease
of DV in return, making the velocity of balloon to be consistent with the background wind velocity gradually. It is noted

that the traditional method is unable to estimate the vertical
velocity, but the multi-theodolite method with motion equation can well retrieve the background vertical wind velocity.
More details can be found in Figs. 7c and 7f.
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TABLE 1. Main parameters of the pulsed coherent Doppler lidar.
Parameter

Value

Parameter

Value

Wavelength (mm)
Pulse width (ns)
Radial velocity updata rate (Hz)
Measurement range (m)
Elevation (8)
Velocity measurement range (m s21)

1.55
200
1
[50, 4000]
[0, 90]
[0, 75]

Pulse repetition frequency (kHz)
Pulse energy (mJ)
Accumulation number
Radial range resolution (m)
Azimuth (rad)
Velocity resolution (m s21)

10
100
15 000
30
[0, 2p]
0.1

4. Field experiment verification
To test the performance of newly proposed multi-theodolite
method, a ﬁeld experiment was carried out in June 2021 in an
airport in Liaoning Province, China. In this experiment, three
identical optical theodolites were deployed to processed to
observation. The distance between each two theodolites was
100 m, and the azimuth angles of two theodolites relative to
the ﬁrst theodolite were 1.78 and 62.78, respectively. The
height of theodolites was 1.61m above the ground, so the
coordinates of the three theodolites were (0, 0, 1.61) m,
(2.97, 99.96, 1.61) m, and (88.86, 45.87, 1.61) m. To verify the
accuracy of the method, a Doppler lidar was deployed to provide benchmark wind velocity data, and the parameters of
the Doppler lidar is shown in Table 1. The distance between
Doppler lidar and theodolite observation ﬁeld was 50 m,

the maximum drift distance of the hydrogen balloon was
about 800 m from the ﬁrst theodolite, and the maximum detection distance of the Doppler lidar was 2000 m, which can
completely cover the whole observation process of hydrogen
balloon. The weight of the balloon system was 13 g, the diameter was 36 cm, the air density was 1.1465 kg m23, the surface
wind speed was 2.0 m s21, and the wind direction was 2708.
Each theodolite collects 20 data points at an interval of 30 s.
The comparison of the retrieved wind results and the
Doppler lidar data is shown in Fig. 8. For the single-theodolite
observation, the rising velocity is assumed to be the same as
the traditional method during the process, and the method to
retrieve the horizontal wind is illustrated in section 2. The multitheodolite observation, the EKF algorithm and the motion
equation analysis are used both in the two- or three-theodolite

FIG. 8. Retrieval results of the horizontal wind: (a),(c) the retrieval values and (b),(d) the errors for (a),(b) the horizontal wind direction and (c),(d) the horizontal wind velocity.
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proposed in this paper. The elevation and azimuth angles of
the balloon to each theodolite are recorded simultaneously.
By ﬁltering the collected data with the EKF method, the trajectory and velocity information can be accurately retrieved,
and the motion equation, which takes into account the balloon’s inertia, is used to correct the velocity error between the
background wind and the balloon.
Numerical simulation and ﬁeld experiments show that the
multi-theodolite observation method excels the traditional
single-theodolite method for simple winds cases, and the velocity errors can be reduced by even more than 40% for complex wind cases. Particularly, the newly proposed method can
well retrieve the vertical wind speed, rather than simply assuming a zero vertical wind velocity in the traditional singletheodolite method.

FIG. 9. Retrieval results of vertical wind velocities compared to the
lidar observation.

observation. It is seen that the performance of the horizontal
wind retrieved by the three-theodolite method is greatly improved compared to the single-theodolite method, the wind direction error and velocity error have been reduced by more
than 40% (RMSE: 21.438–11.348, 0.70–0.38 m s21). In addition,
three-theodolite (A 1 B 1 C) observation can be classiﬁed into
three groups for comparison (A 1 B, A 1 C, B 1 C), and the
results are shown in Fig. 8. For the two-theodolite observation,
two of the three groups (A 1 B, A 1 C) have the same performance as the three-theodolite method, because the directions
of these 2 combinations are almost perpendicular to the background wind direction. The result of another group (B 1 C) is
quite different to others, because the baseline of these two theodolites is nearly 1208, which is almost parallel to the background wind (3108). All these results are consistent with the
conclusion drawn in the simulation section.
The results of the vertical wind velocity compared to the
lidar observation are shown in Fig. 9. It is seen that the vertical
wind is very small, and the root-mean-square errors of the
three-theodolite method, the two-theodolite method of various
combinations (A and B, A and C, B and C), and the singletheodolite method are 0.26, 0.28, 0.29, 0.38, and 0.20 m s21, respectively. From the values, it is concluded that for small vertical wind cases, the multi-theodolite method can get fair results,
which is comparable to the single-theodolite method with the
“zero vertical wind” assumption. But when the vertical wind is
large (.0.20 m s21, for example), the “zero vertical wind” assumption for the single theodolite does not hold any more. Correspondingly, the single-theodolite method will result in big vertical
wind error. Whereas the multi-theodolite method gets the vertical
wind from the 3D trajectory and motion equation of the balloon,
it would keep performing well in large vertical wind cases.

5. Conclusions and remarks
An accurate wind retrieval method based on observing the
hydrogen balloon with multiple (2 or more) theodolites is

Data availability statement. All data that support the ﬁndings of this study are available upon request from the authors.
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