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ABSTRACT

This article presents a miniature robotic plane meteorological sounding system (RPMSS), which
consists of three major subsystems: a miniature robotic plane, an air-borne meteorological sounding and
flight control system, and a ground-based system. Take-off and landing of the miniature aircraft are guided
by radio control, and the flight of the robotic plane along a pre-designed trajectory is automatically piloted
by an onboard navigation system. The observed meteorological data as well as all flight information are
sent back in real time to the ground, then displayed and recorded by the ground-based computer. The
ground-based subsystem can also transmit instructions to the air-borne control subsystem. Good system
performance has been demonstrated by more than 300 hours of flight for atmospheric sounding.
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1. Introduction

The use of aircraft as a meteorological observation
platform dates back to the days of World War I. Be-
fore the establishment of the radiosonde network, reg-
ularly scheduled aircraft observations were conducted
in some developed countries, such as the United States.
Nowadays, automated weather reports from commer-
cial aircraft have been an important data source for
numerical weather prediction models for more than a
decade (Moninger et al., 2003). There are still some
special aircraft equipped with specific advanced me-
teorological instruments (sometimes called an aircraft
laboratory) for use in atmospheric research campaigns
(e.g., Scott et al., 1990; Marenco et al., 1998; Junker-
mann, 2001).

Besides piloted aircraft soundings, the small model
Unmanned Air Vehicle (UAV) has also been employed
by some atmospheric investigators to measure atmo-
spheric parameters because of its low cost and high
mobility. However, the utility of traditional model
UAVs is very limited because they can only fly within
sight range under radio control, resulting in a maxi-
mum sounding range of about 1 km. Another serious
limitation of the model UAV is that there is usually no

important location information along with the data. If
one wants to equip some ground tracking systems for
localization or even navigation, the UAV used would
be very big and very heavy, leading to the loss of its
flexibility.

The advanced GPS (Global Positioning System)
technique makes it possible to develop a new genera-
tion UAV-based sounding system. The use of a minia-
ture UAV navigated by GPS for atmospheric sound-
ing was first proposed by Holland et al. (1992). The
aircraft called Aerosonde was conceived in 1992 and
reached operational status in 1995–98. Continuing
field operations and development since 1998 led to
the Aerosonde Mark 3, with approximately 2000 flight
hours completed. The paper by Holland et al. (2001)
provides an update on the development and operations
of the Aerosonde program and expands on the vision
for the future, including instrument payloads, obser-
vational strategies, and platform capabilities.

At nearly the same time, we began to develop the
same kind of atmospheric sounding system by means
of an autonomous miniature UAV in 1992–95 and flew
the early prototypes in 1996 with funding from the
China Meteorological Administration (CMA) (Ma et
al., 1997). Since 1997, our UAV sounding system
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has taken part in several field experiments, for ex-
ample, the “SVAT Interaction Observation Campaign
over Inner-Mongolia Arid and Semi-arid Region” (IM-
GRASS) in 1998–2001.

In this paper, we present our robotic plane meteo-
rological sounding system (RPMSS). In section 2, the
flight platform based on the model UAV and the corre-
sponding ground-based system are described. In sec-
tion 3, the description of the air-borne sensors and ob-
servational modes is given with an emphasis on a new
method for sensor-less wind measurement. In section
4, some sounding results are shown. Finally, a short
summary and discussion are given in section 5.

2. Sounding platform and ground-based sub-
system

Figure 1 shows a photograph of the miniature
plane used as a flying sounding platform. The aero-
dynamical layout is the combination of conventional
and duck type ones. The engine is mounted on the
rear end of the plane airframe. The take-off weight
is about 13 kg. In order to verify the function of the
plane, four test flights were conducted up to the maxi-
mum wind speed of 10–12 m s−1 in the autumn of 1996.
The plane’s stability and serviceability were proved to
be good. Another demonstration flight was carried
out on 18 December 1997. During this test, the flight
was completed safely at a wind speed of 18–20 m s−1

and the plane flew approximately 40 km away from the
command site.

The specification of the plane is as follows:
Wing span: 3.0 m
Wing area: 0.62 m2

Airscrew diameter: 0.46 m
Take-off weight: about 13 kg
Maximum speed: about 30 m s−1

Maximum climbing ratio: about 3 m s−1

Flight Ceiling: about 5 km
Endurance: 4–8 hr (dependent on payload weight)
Fuel: gasoline
Navigation: GPS.
The schematic diagram of the onboard control sys-

tem is shown in Fig. 2. The main onboard equipments
is

(1) onboard computer,
(2) the conversion circuit,
(3) GPS receiver (location error is about 100 m,

leading to a ground speed error of about 0.1 m s−1;
it can provide information on the longitude, latitude,
altitude, ground velocity, etc.),

(4) the transceiver (adopting common VHF, UHF,
or other communication equipment to send informa-
tion from the modem to the ground),

(5) half duplex modem (maximum baud rate of
1200 bits per second),

(6) servos (to change the flight status) and gyros
(to increase stability of the UAV flight),

(7) telemetric receiver for receiving instruction
from the ground-based subsystem, and

(8) meteorological sensors for measuring atmo-
spheric temperature, humidity and pressure.

The ground-based subsystem consists of
(1) a transceiver (matched with onboard equip-

ment),

                            2           

Region”(IMGRASS) in 1998-2001.  

In this paper we present our robotic plane 

meteorological sounding system (RPMSS). In section 2 

the flight platform based on the model UAV and the 

corresponding ground-based system are described. In 

section 3 the description of air-borne sensors and 

observational modes is given with the emphasis on a new 

method for sensor-less wind measurement. In section 4 

some sounding results are shown. Finally, a short 

summary and discussion are given in section 5. 

 

2. Sounding platform and ground-based subsystem 

 

Figure1 shows a photograph of the miniature plane 

used as flight sounding platform. The aero-dynamical 

layout is the combination of the conventional and duck 

type ones. The engine is mounted on the rear end of 

plane airframe. The take-off weight is about 13 kg. In 

order to verify the function of the plane, four test flights 

were conducted at the maximum ground wind speed up to 

10－12 m/s in the autumn of 1996. The plane's stability 

and serviceability were proved to be good. Another 

demonstration flight has been carried out on December 

18,1997. In this time test, the flight was completed safely 

at a wind speed of 18~20 m/s and the plane flew ~40 km 

away from the command site. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Photograph of the miniature unmanned air 

vehicle (UAV) 

 

 

 

 

The specification of the plane is as follows: 

Wingspan:    3.0 m 

Wing area:    0.62 m2 

Airscrew diameter:   0.46 m 

Take off weight:   ~13 kg 

Maximum speed:   ~30 m/s 

Maximum climbing ratio:  ~3 m/s 

Flight Ceiling:    ~5km 

Endurance:    4-8hr  

(up to the payload weight) 

Fuel:      gasoline 

Navigation:    GPS.  

 

The schematic diagram of the onboard control 

system is shown in Fig. 2. The main onboard equipments 

are: 

(1) onboard computer, 

(2) the conversion circuit, 

(3) GPS receiver (Its location error is ~100 meter, 

leading to speed error of  ~0.1m/s. It can provide 

information on the longitude, latitude, altitude, ground 

velocity and so on),  

(4) the transceiver (It adopts common VHF, UHF or 

other communication equipment. It sends information 

from modem to the ground),  

(5) modem, with half duplex (The highest baud rate is 

1200 bit), 

(6) servos and gyroscope (The formers are utilized to 

change the flight status and the later to increase stability 

of the UAV flight),  

(7) telemetric receiver for receiving instruction from 

the ground-based subsystem, and  

(8) meteorological sensors for measuring  

atmospheric temperature, humidity and pressure. 

 

 

 

 

 

 

 

Fig. 1. Photograph of the miniature unmanned air vehicle
(UAV).

                            3           

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2   Schematic diagram of the onboard control and measurement system 

 

The ground-based subsystem consists of: 

(1) a transceiver (matched with onboard 

equipment), 

(2) a modem (matched with onboard equipment), 

and  

(3) a micro-computer, used to receive, process, and 

display the data from the plane; read localization 

information of designed flight route and transfer 

initialization data to the onboard computer before the 

plane takes off; dispatch instruction to the onboard 

computer.  

 

A mini onboard control system has been 

innovatively developed for our UAV atmospheric 

sounding system. The onboard computer is the brain of 

the control system, and the GPS receiver is the 

predominant information source. The reliability of the 

onboard computer is very important for the control system. 

The 80C198 single chip CPU is chosen for the onboard 

computer, which has abundant I/O function. The 

peripheral circuit adopts widely used programmable chip. 

The onboard computer used has special advantages 

such as high integrating degree, small size, and low 

power consumption. The control system includes both 

onboard and ground-based equipments.  

 

Onboard computer software function modules 

include 

(1) parameter setting and diagnose module; 

(2) GPS information receiving module; 

(3) information handling module; 

(4) mathematics operation module;  

(5) route management module;  

(6) servo management module;  

(7) sensor information gather module;  

(8) communication module.      

 

In the onboard computer, each software module runs 

rather alternatively than in proper order and is dispatched 

through intervention and interruption (see left block in 

Fig.3). The onboard computer software system is a 

multitask one. Although the complex level of software 

system is increased but integration degree and reliability 

of hardware is improved and the cost is reduced.  

Figure 3 shows the flow chart of the automatic control. 

The first step is to perform a self-test of the onboard 

control system after the input of the autonomous flight 

trajectory data which are transferred from the 

ground-based computer. If the self-test is through, no 

alarm signal is sent to the ground-based computer for 

surveillance and all modules in the onboard computer 

start to function alternatively. The second step is to 

initialize all onboard software modules and to acquire the 

GPS, flight status, and meteorological observation data. 

The intervention module of “GPS receiving” is for 

receiving and storing the GPS data; the module 

“Tele-command” is for receiving and storing the 
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Fig. 2. Schematic diagram of the onboard control and
measurement system.
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(2) a modem (matched with onboard equipment),
and

(3) a micro-computer, used to receive, process, and
display the data from the plane; read localization in-
formation of the designed flight route and transfer ini-
tialization data to the onboard computer before the
plane takes off; and dispatch instructions to the on-
board computer.

A mini onboard control system was innovatively
developed for the UAV atmospheric sounding system.
The onboard computer is the brain of the control sys-
tem, and the GPS receiver is the predominant informa-
tion source. The reliability of the onboard computer
is very important for the control system. The 80C198
single chip CPU is chosen for the onboard computer,
which has abundant I/O functions. The peripheral
circuit adopts a widely used programmable chip. The
onboard computer used has special advantages such
as a high integrating degree, small size, and low power
consumption. The control system includes both on-
board and ground-based equipment.

The onboard computer software function modules
include

(1) parameter setting and diagnose module;
(2) GPS information receiving module;
(3) information handling module;
(4) mathematics operation module;
(5) route management module;
(6) servo management module;
(7) sensor information gathering module;
(8) communication module.
In the onboard computer, the software modules run

one at a time according to how they are dispatched
through intervention and interruption (see left block
in Fig. 3). The onboard computer software system is
a multitasking one, which increases the complexity of
the software system but improves the integration de-
gree and reliability of the hardware and reduces the
cost.

Figure 3 shows the flow chart of the automatic con-
trol system. The first step is to perform a self-test of
the onboard control system after the input of the au-
tonomous flight trajectory data from the ground-based
computer. If the self-test completes successfully, no
alarm signal is sent to the ground-based computer for
surveillance and all modules in the onboard computer
start to function in turn. The second step is to ini-
tialize all onboard software modules and to acquire
the GPS, flight status, and meteorological observa-
tion data. The “GPS receiving” intervention module
is for receiving and storing the GPS data; the “Tele-
command” module is for receiving and storing the tele-
command information for adjusting flight status, ac-
celerograph and other parameters; the “servo opera-

tion” module is used to control the rudder’s operation
according to the digitalized command data¶and the
“dynamical test” module serves to test and manage
the procedure of the onboard computer operation. If
the system is in the radio-control mode (normally used
during take-off and landing) or in tele-command mode
(sometimes used in mid flight for adjusting the flight
status including flight direction, height, and accelero-
graph), the UAV flight follows the radio commands
from the ground. When the autonomous flight mode
switches on, the onboard computer will work out the
parameters for the servo-rudder operation based on
the current flight status, the received GPS data, and
the location of the first (or next) point in the pre-
designed flight trajectory. For the purpose of safety,
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Fig. 3.  Flow chart of the automatic flight control 
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Fig. 3. Flow chart of the automatic flight control system.
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Table 1. Main specifications of the meteorological sen-
sors.

Parameter Measurement range Accuracy

Temperature (◦C) –90–50 0.3

Relative Humidity (%) 0–100% 5%

Pressure (hPa) 5–1050 0.5

there are limits on the increments for bending, climb-
ing, and descending during the automatic control.
And in order to callback the autonomous UAV, the
last 4–6 points in the pre-designed flight trajectory are
given over the landing site and can be passed through
in repetition.

3. Air-borne sounding system and wind veloci-
ty measurement

In order to measure the atmospheric parameters,
the miniature UAV is equipped with a newly devel-
oped digital radiosonde. As a whole, it consists of
electronic sensors, measurement circuits and a digital
processing unit. Figure 4 shows the frame chart of
this digital electronic radiosonde. The temperature,
humidity and pressure sensors are mounted on the left
or right side of the fuselage of the UAV.

The temperature sensor is a thermal resistance
type sensor; the a humidity sensor is a humidity sen-
sitive capacitor; and the pressure sensor is a silicon
type one. The measurement ranges and accuracies
of the temperature, humidity, and pressure sensors
are given in Table 1, all meeting the requirements of
meteorological soundings. Measurement and process-
ing are performed by the processing unit composed
of a measurement circuit and a single chip computer.
The gathered and processed digital data are compiled
into the airborne control unit data flow in intercep-
tion mode and then transmitted to ground receiving
system. The use of digital data processing gives the
meteorology radiosonde a higher accuracy and makes
it less susceptible to interference.

To reduce the payload weight, a new method for
measuring wind profiles has been developed. Usually,
wind velocity measurement by means of aircraft is con-
ducted by measuring the difference of the airplane air
velocity and ground velocity of the aircraft. In this
case, sophisticated sensors and processing units are re-
quired onboard to obtain the airplane air velocity.

The sensor-less wind velocity observation by the
RPMSS is conducted by making a special flight mode,
i.e., a plane circular flight mode. This method is based

on the fact that the UAV can fly in a stationary circle
above the ground if there is no wind, and when this
circular flight is shifted by the horizontal air velocity,
it becomes a spiral on the ground, as illustrated in Fig.
5. Note that the flight trajectory can always remain
as a circular path relative to the stationary wind field.

The method, called the horizontal-velocity-return
-zero-method, is detailed in the following. When the
plane flies a complete circle by returning to the same
point relative to the air, the sum of the horizontal air
velocity vector will be zero and the mean horizontal
wind velocity is equal to the mean ground velocity of
the plane.

The relationship between the air velocity va,
ground velocity vg of the plane and wind velocity v
is given by

v = vg − va . (1)

Assuming that the plane flies at a constant speed
along a horizontal circle, the longitude and latitude
components can be expressed as:{

vax = A cos(ωt) ,

vay = A sin(ωt) ,
(2)

where ω is the angular speed, A is the modulus of va.
Integrating both sides of Eq. (2) over the time period
T of one circular flight, we obtain
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Fig.4. Diagram of air-borne electronic sonde for measuring the air temperature, humidity and pressure 
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It can be seen that the measured horizontal wind velocity 
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Fig. 5. Ground projection of a circular fight trajectory: (a) zero wind speed
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Thus, the mean horizontal wind velocity v is related
only to vg in the time period of T . The value of vg is
given by means of the onboard GPS receiver once per
second, so

v =
1
T

T∑
i=1

vgi (i = 1, 2, . . . , T ) , (4)

where vgi is the horizontal ground velocity of the ith
second obtained from the GPS receiver. If we assume
the longitude and latitude coordinates given by the
GPS receiver at the ith second to be xi and yi, then
the components of vg in the x and y directions are{

vgxi = (xi − xi−1) (i = 1, 2, 3, . . . , T ) .
vgyi = (yi − yi−1)

(5)

So, the components of horizontal wind velocity v in
the x and y directions are

vx =
1
T

T∑
i=1

vgxi =(xT − x0)/T
(i = 1, 2, 3, . . . , T ) .

vy =
1
T

T∑
i=1

vgyi =(yT − y0)/T

(6)

It can be seen that the measured horizontal wind ve-
locity in this way is theoretically the same as that ob-
tained by the conventional balloon wind measurement
method, i.e., the wind speed being derived from the
displacement of the balloon or here, the spiral circles
flown by the UAV. The test flights have shown that
the results obtained by this UAV system possess good
accuracy (see Ma et al., 1999).

An analytical method has also been developed to
derive wind speed from a segment of the spiral flight

trajectory. When the UAV flies in the air along a circle
with constant speed, in the ground coordinate frame-
work, the flight track location of the air vehicle can be
given by{

x = vfx · t + r · cos(ωt + α) + Cx ,

y = vfy · t + r · sin(ωt + α) + Cy ,
(7)

where x and y are the ground coordinates of the air-
craft, vfx and vfy are the components of horizontal
wind velocity in the x and y directions, r and ω are
the radius and angular speed of the UAV circular fight,
α is the initial phase, Cx and Cy are the original coor-
dinates of the circle center. Derivatives of both x and
y versus the time t lead to{

vx = dx/dt = vfx − rω sin(ωt + α) ,

vy = dy/dt = vfy + rω cos(ωt + α) .
(8)

Equations (8) are nonlinear. In order to obtain analyt-
ical expressions, we can expand Eq. (8) into a Taylor
series and omit the terms of order two and higher to
get

vx =(vx)+
∂vx

∂vfx
∆vfx+

∂vx

∂r
∆r+

∂vx

∂ω
∆ω+

∂vx

∂α
∆α

vy =(vy)+
∂vy

∂vfy
∆vfy+

∂vy

∂r
∆r+

∂vy

∂ω
∆ω+

∂vy

∂α
∆α ,

(9)

where (vx) and (vy) are the values obtained from
Eqs. (8) using the original values vfx0, vfy0, r0, ω0, and
α0;∆vfx =vfx−vfx0,∆vfy =vfy−vfy0,∆r=r−r0,∆ω=
ω−ω0,∆α=α−α0. In Eq. (9) there are 5 unknowns:
∆vfx,∆vfy,∆r, ∆ω, and ∆α. When N continuous
groups of values (vxi, vyi) are obtained from the GPS
receiver, there will be 2N equations of one order and
five elements. In order to eliminate the stochastic er-
ror, set 2N > 5, solve ∆vfx,∆vfy,∆r, ∆ω, and ∆α by
using the least squares fitting method, and add them
to vfx0, vfy0, r0, ω0, α0. Put them into Eq. (9), and a set
of equations are obtained again and solved iteratively
until ∆vfx,∆vfy,∆r, ∆ω, and ∆α become smaller than
the preset criteria values. Then, the wind velocity
components vfx and vfy are obtained with a certain
accuracy.
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It is shown in a series of numerical simulations that
when N = 14, 19, and 24, the standard errors of lon-
gitude and latitude components of wind velocity are
only about 0.27, 0.11, 0.05 m s−1 and 0.24, 0.10, 0.04
m s−1 respectively, which is small enough as required.

Comparing the analytical method with the hori-
zontal-velocity-return-zero method, it can be seen that
the flight patterns are the same, but in the latter, the
wind velocity is calculated by the coordinates of the
start and end points of the flight circle; the analytical
method needs only N data groups of continuous points
without knowing the heading of the aircraft, but much
more computing time is required and the method does
not provide real time wind velocity.

4. Test soundings and applications

A few sounding test flights were conducted over
the new airport of Nanchang City during September
to October 1997. Some intercomparison results were
given in Ma et al. (1999). It is worth noting that the
PRMSS can provide higher spatial resolution of ob-
servations and perform horizontal measurements at a
nearly constant altitude. Moreover, it takes only about
30 minutes to prepare the system for flight sounding
after arriving at an operation site.

In 1998, the RPMSS was used in a field cam-
paign of IMGRASS supported by the Natural Science
Foundation of China (NSFC). About 80 profiles of at-
mospheric pressure, temperature, humidity and wind
speed as well as wind direction were obtained from 54

flights. Figure 6 shows an example of the RPMSS mea-
surement results obtained on 26 May 1998. It is seen
that in the morning, the UAV entered into cloud layer
and the wind speed increased rapidly with height, up
to ∼17 m s−1 at 2400 m, making the RPMSS take a
very long time (about 1 hour) to come back; at 1430
LST, the wind was quite strong near the ground with
a speed of ∼10 m s−1 but the vertical shear decreased.

By 2001, a novel ozone sounding system was also
developed based on the miniature UAV. The ozone
sensor used is the type of ECC (Electrochemical Con-
centration Cell) with a weight of approximately 400
g. It is shown by several inter-comparison flight ex-
periments that the system performance is very good
and the ozone measurement accuracy is similar to
that of free-flight balloon ozone sondes. As an exam-
ple of ozone sounding, Fig. 7 shows three ozone pro-
files obtained with both tethered balloon and UAV
sondes on 1 April 2003 in a southern suburb of Bei-
jing. For comparison, the tethered balloon sonde was
launched at the Atmospheric Observation Experimen-
tal Base/CMA, and the UAV ozone sonde was con-
ducted about 3 km away. During that day experiment
of ozone sounding, the boundary atmosphere with a
light haze was quite stable. It is seen from Fig. 7 that
the ascent and descent flight measurements are in good
agreement with each other and a maximal difference
between the UAV and tethered balloon sondes is less
than 5 nPa. This implies that the flight climbing state
has no considerable effect on the ozone sounding with
the miniature UAV.
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Fig. 6  Profiles of wind (solid for speed and dash for direction), temperature (solid),  

and humidity(dash) measured by the RPMSS on May 26, 1998 
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Fig. 7.  Intercomparison of the ozone sondes by using tethered balloon (solid line) and autonomous UAV  
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Fig. 7. Intercomparison of the ozone sondes by using a
tethered balloon (solid line) and autonomous UAV (short
dashed line for ascent flight and dash dotted line for de-
scent) on 1 April 2003 in Beijing.

5. Summary and discussion

The advantages of the robotic plane meteorologi-
cal sounding system (RPMSS) are its small size, light
weight, and high flexibility. Some test and application
flights have demonstrated a good system performance,
providing atmospheric sounding data with required ac-
curacies from the surface to 5 km of altitude and from
the command site to approximately 100 km of horizon-
tal distance. So, it can be widely used in atmospheric
sounding and environmental monitoring, especially in
remote areas.

The current model of the RPMSS is still in develop-
ment and many improvements need to be made in the
future. For example, the flight endurance and ceiling
height can be extended to approximately 20 hours and
10 km respectively if the model UAV is equipped with
a more powerful engine, and in this case both long-
range and continuous day-to-night atmospheric sound-

ings can be realized; the application of the RPMSS can
be broadened if the system integration is improved and
the long-range communication problem is resolved.
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