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Abstract: This article gives an in-depth analysis of the experimental data of the TK-1G sounding
rocket installed with the satellite navigation system. It turns out that the data acquisition rate of the
rocket sonde is high, making the collection of complete trajectory and meteorological data possible.
By comparing the rocket sonde measurements with those obtained by virtue of other methods,
we find that the rocket sonde can be relatively precise in measuring atmospheric parameters within
the scope of 20-60 km above the ground. This establishes the fact that the TK-1G sounding rocket
system is effective in detecting near-space atmospheric environment.
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1. Introduction

The study of near space atmosphere is one of the frontiers of scientific research. The near
space atmosphere is the exact path through which some aircrafts lift off and fly. In particular,
the stratosphere and mesosphere region serve as the active area for airplanes, airships, and aerostats;
also, the meteorological conditions of this region will exert a great impact on the flight safety of the
aircrafts. Therefore, the detection of the near space atmosphere promises accurate and effective data on
weather forecasts in the region and is of vital importance to the study of the near space atmosphere and
flying safety of the aircrafts. A variety of ways have been tried like sounding balloons, radars, rockets,
and occultation techniques in an attempt to study the characteristics of the near space atmosphere [1-4].
Although meteorological elements below 30 km can be detected by using sounding balloons, it is out
of their reach when that height is between 30 km to 100 km, and occultation or radars are incapable
of in-situ detection [5-7]. In that sense, sounding rockets serve as the main tool for accurate in-situ
measurement of the atmosphere of that height.

Since 1945 when the first one was launched, various kinds of sounding rockets have appeared,
such as America’s famous SCIFER-2 (Sounding of the Cleft Ion Fountain Energization Region) sounding
rocket [8], Japan’s S-310, S-520, and SS-520 series of sounding rockets [9], Europe’s REXUS (Rocket
Experiments for University Students) series of sounding rocket, and so on [10]. In order to acquire
various sounding data, the sounding rocket tends to carry different sondes, such as TOTAL (stands
for total number density), CONE (Combined sensor for Neutrals and Electrons), and the recently
used LITOS (Leibniz-Institute Turbulence Observations in the Stratosphere) [11-14]. Through the
processing of the rocket sounding data, numerous studies can be done. For example, with the use
of the sounding data, Hall et al. [15] analyzed the plasma’s density; Abe et al. [16] did research
on the dynamics and energetics of the lower thermosphere; and Eberhart et al. [17] measured the
concentration of the atomic oxygen in the atmosphere. In addition, the rocket sounding data has often
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been synthesized and compared with the data acquired by other means. Strelnikov et al. [18] compared
the radar-measured result of the middle atmospheric turbulence with rocketsonde-measured result
separately; Fan et al. [19] compared the sounding rocket data with the experience prediction model
and estimated the accuracy of the rocket sounding data.

However, China lags far behind the developed countries like the United States in the use of
rockets for near-space detection due to its technological and financial constraints [19,20]. Thus, studies
in this field are relatively scarce and defective. In the study of Sheng et al. [3], they analyzed the data
garnered by China’s sounding rockets launched in 2004, but the rockets used to employ a traditional
method of weather radar positioning to locate sondes. The wind speed obtained in this way thus
differs sharply from that of the reference model (average about 6-8 m/s). The differences doubled in
the upper stratosphere. As part of our efforts to bridge the gap in this regard, an flight experiment has
been carried out on the latest model TK-1G sounding rocket with the satellite navigation system, and
the accurate measurement of the meteorological elements has been realized at a height of 20-60 km
(the height involved in this article refers to the height from the ground, unless otherwise specified),
which is a step forward towards the improvement of the meteorological detection of near space.

The organization of the rest of this paper is as follows. The overview of the test is described in
Section 2. The description of the data validity rate in the detection is given in Section 3. The data
processing and analysis are presented in Section 4, and the conclusions are given in Section 5.

2. Overview

On 3 July 2015, a flight experiment on the rocket sonde installed with new satellite navigation
system was conducted in Alxa Left Banner, China. As a director in charge of the data processing,
the author had first-hand experience of the experiment and thus gained access to relevant data. Figure 1
shows the state of the rocket before launching.

Figure 1. Pre-launch preparation.

The meteorological rocket detection system consists of four sub-systems: the meteorological
rocket, the rocket sonde, the ground launch system (as well as the ground signal receiving station),
and the data processing software with the rocket sonde at its core. After the launch, the rocket will take
the rocket sonde near the top of the trajectory, and then the rocket ejection separation system will ignite,
separating it from the main body of the rocket. Under air dynamic pressure, the parachute will be
inflated to provide lift within a few seconds, carrying the sonde slowly and stably. During the process,
atmospheric temperature will be measured by the temperature sensor and atmospheric pressure by the
pressure sensor. All such figures will then be transmitted to ground receiving stations via transmitters
and processed by data processing systems before the data related to atmospheric temperature, pressure,
and density can be finally obtained. In addition, records of the falling trajectory of the parachute
collected by means of the COMPASS (stands for Chinese Compass (BeiDou) Navigation Satellite
System)/GPS positioning module can offer relevant readings of the wind direction and speed.
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The rocket was launched at 6:30 a.m. During its flight, the rocket presented a smooth trajectory
and the rocket sonde worked well. The COMPASS/GPS positioning module did not lose lock in
condition of large acceleration during take-off or separation stage. The receiving system on the ground
was able to gather the whole data during the entire process of rocket exploration. The experiment
achieved the intended purpose and the rocket sonde with satellite-navigation system successfully
realized 6020 km positioning.

The coordinates of the launch site are 105°36'27" E, 38°45'28'" N, with a height of 1429.8 m above
sea level; the specified launch direction is 299°, and standardized theoretical launching elevation of
the trajectory is 81.5°.

Three receiving stations are set up in this experiment. Station 1, equipped with portable ground
automatic weather station to monitor real-time surface wind, locates at 150 m to the left of the launch
site. Station 2 and 3 are situated approximately 6 km and 12 km, respectively, to the rear side of the
launch site.

A balloon (750 g) was released one hour before launching, carrying a GPS sonde to detect the
atmospheric condition between the ground and a height of 16 km. The wind data of the ground, 6 km
and 11 km was used for correction of the rocket’s flight trajectory. The trajectory angle of elevation was
adjusted to 82.3°, and the azimuth angle was adjusted to 296° after the wind correction. The rocket
sonde was started to load the ephemeris 17 min before launching.

3. The Data Validity Rate in the Detection

The data validity rate in the detection is defined by the following formula: (the number of valid
data packet/the number of receivable data packet) x 100%. It is employed to evaluate the reliability of
the data acquisition system.

The data sampling frequency of the rocket sonde is 1 Hz. The rocket sonde reached the trajectory
vertex at 6:32:21 a.m. and fell to the height of 20 km at 7:05:02 a.m. The duration of total detection
lasted 1961s with 1961 data packets to be collected. After eliminating the error code spot and
measurement-missing spot, the mean data validity rate in Station 1 was 89.65% and amounted to
95.7% after the supplement data from Station 2 and 3. The data validity rates at different heights of
measurement are displayed in Table 1.

Table 1. The list of the date validity rate.

Receivable Actual Valid Data  Actual Data Supplementary Data The Data Validity
Height (km)  Data Packet Packet Number Validity Rate  Packet Number from Rate of Station 1

Number from Station 1 of Station 1 Station 2 and 3 after Data Addition
60~50 103 87 84.5% 9 93.2%
50~40 199 176 88.4% 13 94.9%
40~30 455 415 91.2% 31 98.0%
30~20 1205 1139 94.5% 26 96.7%

As shown in Table 1, the data validity rate of this test met the required criteria for a successful
test (>85%) in General Technical Requirements for the New Rocket Radiosonde, and the quality of data
garnered by the satellite navigation system is better than that garnered by radar system. If more
receiving stations were put into use to provide supplementary data, such validity rate should be
further improved.

4. Data Processing and Analysis

The data transferred from the rocket sonde mainly include time, latitude and longitude, height,
three-dimensional velocity vectors (north direction, east direction and vertical direction), star number,
star location, star carrier-to-noise ratio, three-dimensional position dilution of precision (PDOP),
atmospheric pressure, and atmospheric temperature.
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4.1. Original Data Analysis

As shown in Table 2, the temperature value and the atmospheric pressure value measured by
the prelaunch rocket sonde are consistent with those of the balloon sonde and the surface automatic
weather station.

Table 2. Prelaunch comparison (atmospheric pressure and temperature).

Sensor Surface Weather Station Balloon Sonde Rocketsonde
Temperature (°C) 19.7 19.6 19.3
Air pressure (hPa) 854.3 854.0 854.1

The temperature readings from the ground meteorological station and balloon sonde register
ambient temperature, while those from the rocket sonde indicate the temperature in the fairing.
As such, it is quite reasonable that there exist some differences in the measurements recorded by the
rocket sonde and the meteorological station, as well as by the balloon sonde.

Figure 2 gives the comparison between the temperature measured by rocket sonde and balloon
sonde in their coincident height range. From the figure, we can find out roughly similar trend between
the two groups of temperature data below 12 km. In the range of 12-15 km above the ground,
the temperature measured by rocket sonde is little higher than that gauged by the conventional
sounding system. According to the previous studies made by Shi et al. [21], this is mainly because the
sounding balloon is released one hour before that of the rocket, and the atmospheric state may change
during this period of time, resulting in a difference in the temperature data measured by both.

——rocket
16 ——balloon

o N

Height (km)

-70 -60 -50 -40 -30 -20 -10 0 10 20 30
Temperature (°C)

Figure 2. The temperature profiles (0—20 km) obtained from the rocket sonde (red) and the balloon
sonde (blue).

Figure 3 gives the comparison between the atmospheric pressure measured by rocket sonde
and by balloon sonde in the coincident stage. It is noted that the two curves basically coincide with
one another.

——rocket
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o

Height (km)
o

0 100 200 300 400 500 600 700 800 900 1000
Atmospheric pressure (hPa)

Figure 3. The atmospheric pressure profiles (0-20 km) obtained from the rocket sonde (red) and the
balloon sonde (blue).
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4.2. Result Analysis

4.2.1. Analysis of Body-Parachute System’s Fall Velocity

There is no comparability of the fall velocities in the range of 56.8 km to 59.6 km, due to the
fact that the flight trajectory vertex could only reach 59.6 km and the body-parachute system got its
balanced fall velocity at the height of 56.8 km during this test. The fall velocities below 56.8 km are
smaller than the statistical data of the TK-1 sounding rockets because the weight of the body-parachute
system is reduced from 3.4 kg to 3.0 kg. TK-1G dovetails with TY-4B sounding rocket system in the
magnitude of fall velocity. The comparison of the fall velocities of different sounding rockets at major
heights is listed in Table 3.

Table 3. Comparison of the fall velocities of different sounding rockets.

Altitude (km) 60 50 40 30 20

TK-1 average fall velocity * 136.0 829 360 159 6.2
TK-1G (20150703) 340(59.6km) 738 315 143 56
TY-4B (20140316) 157.6 716 344 135 57

* Mean value of five qualification tests of TK-1 in November 2004.

4.2.2. Analysis of the Meteorological Data

To further gauge the detection precision of the rocket, this paper draws a comparison between
China’s reference atmospheric data, ECMWEF-T799 (European Centre for Medium-Range Weather
Forecasts) model data and satellite remote sensing data, and rocket sounding data. The rocket sonde
data has been smoothed before comparison.

The reference atmosphere used in this paper refers to China’s GJB5601-2006 reference atmosphere.
With ranges of 15° N-50° N, 75° E-130° E, it displays the atmospheric parameters up to 80 km above
the ground. The horizontal resolution is 5° x 5°. Vertical intervals: 0.5 km, within 10 km above the
ground; 1 km, 10 km to 30 km and 2 km, and 30 km to 80 km. Readings of monthly and annual
average atmospheric temperature, pressure, humidity, density, and wind field are given through a
comprehensive analysis of the distribution features of the atmospheric parameters [22].

The ECMWEF-T799 (hereafter referred to as T799) analyses are derived from global
four-dimensional assimilation of various atmospheric observations into the ECMWEF model. Six-hourly
output products have Ah of 0.25° and 91 vertical levels from the surface to 0.01 hPa. The vertical
resolution Az is ~0.4 km in the lower stratosphere and ~1-2 km in the stratosphere, respectively. It can
offer meteorological parameters such as temperature, pressure, wind direction, wind speed, and so
on [23]. Due to the limitations of spatial resolution, we have used the T799 forecasting data of the grid
point (105.50° E, 38.75° N), which is nearest to the launch site and the rocket detection data, to draw
a comparison.

TIMED (Thermosphere-lonosphere-Mesosphere Energetics and Dynamics) satellite, whose orbital
period is 97 min, operates at a height of 625 km above the ground with inclination of about 74.1° from
the equator. Being one of the four instruments placed onboard the TIMED satellite, SABER (Sounding
of the Atmosphere using Broadband Emission Radiometry) serves as a radiometer that measures
infrared emissions from 1.27 mm to 15.2 mm from lower stratosphere to lower thermosphere [24].
SABER has the ability to measure temperature, pressure, density, and other parameters by dint of
satellite infrared limb sounding technique with ten channels [25].

The comparison of the wind speed and direction obtained from the rocket sonde with the reference
atmospheric data is shown, respectively, in Figures 4 and 5. As shown in the figures, their tendency
is consistent.



Atmosphere 2017, 8, 199 6 of 11

70

@
o

——rocket
——reference atmosphere

Height (km)
N W B a
(=] o (=] (]

-
o

o

0 20 40 60 80 100 120 140 160 180
Wind speed (m/s)

Figure 4. The wind speed profiles (10-60 km) obtained from the rocket sonde (red) and the reference
atmosphere (blue).

70

60 ——rocket

——reference atmosphere

[95) & a
o o o

Height (km)

\S]
o

-2l

=y
o

o

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Wind direction (°)

Figure 5. The wind direction profiles (10-60 km) obtained from the rocket sonde (red) and the reference
atmosphere (blue).
The comparison of the wind speed and direction measured by the rocket sonde and T799 is shown

in Figures 6 and 7. It is found that their tendency is coincident.
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Figure 6. The wind speed profiles (10-60 km) obtained from the rocket sonde (red) and the T799 (blue).
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Figure 7. The wind direction profiles (10-60 km) obtained from the rocket sonde (red) and the
T799 (blue).

The comparison between the temperature data collected from the rocket sonde and the reference
atmospheric data is shown in Figure 8, from which we can see the temperature curve of the rocket
sonde shares similar tendency with that of the reference atmosphere. Also, the temperature curve of
the rocket sonde mainly locates in the 30 variance envelope curves of the reference atmosphere.
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Figure 8. The temperature profiles (10-60 km) obtained from the rocket sonde (red) and the reference
atmosphere (black). The blue dotted line represents the 30 variance of reference atmosphere.

The temperature profiles obtained from the rocket sonde and the SABER are shown in Figure 9.
From the figure, we can see consistency between the two curves, which dovetail nicely in terms of
their detailed features.
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Figure 9. The temperature profiles (10-60 km) obtained from the rocket sonde (red) and the
SABER (blue).



Atmosphere 2017, 8, 199 8of 11

The temperature profiles obtained from the rocket sonde and the T799 is shown in Figure 10.
In the figure, the result of rocket sonde shares coincident tendency with the result of T799, but large
deviation appears in the height range of 42-50 km.
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Figure 10. The temperature profiles (10-60 km) obtained from the rocket sonde (red) and the
T799 (blue).

Differences between the atmospheric pressure and density obtained by the rocket sonde and
those collected in other ways are displayed in Figures 11 and 12. From Figure 11, it is found that the
atmospheric pressure measurements differ a little bit from the reference atmosphere and SABER data,
and their relative deviation are both within £2.4%. (deviation percentage = (rocket probe value — the
value of the data used for comparison)/rocket probe value x 100%).

reference atmosphere
60 N e Cng.
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W
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The deviation of atmospheric pressure (%) The deviation of atmospheric pressure (%)

Figure 11. The deviation between the atmospheric pressure that was obtained from the rocket sonde
and the reference atmosphere (left, 10-60 km). Also, the deviation between the atmospheric pressure
that was obtained from the rocket sonde and the SABER (right, 20-60 km).

From Figure 12, we can see that the difference between the density measured by the rocket sonde
and that of either the reference atmosphere or that gauged by SABER remains small; their relative
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deviations are both within +4%. However, large disparities exist between the density measured by the
rocket sonde and the density obtained from the T799; their relative deviations are within £10%.

reference atmosphere SABER
T T =

o B PP T T ke
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The deviation of atmospheric density (%) The deviation of atmospheric density (%) The deviation of atmospheric density (%)

Figure 12. The deviation between the atmospheric density that was obtained from the rocket
sonde and the reference atmosphere (left, 10-60 km), the SABER (middle, 20-60 km), and the T799
(right, 20-60 km).

5. Conclusions

The following conclusions can be drawn from the analysis of the experiment of the TK-1G
sounding rocket flight test. Firstly, the rocket sonde installed with the satellite navigation system has
a high data acquisition rate (>95%) during the whole process, which can obtain the comparatively
complete trajectory data and meteorological data. Secondly, by comparing the measurements gained
by the rocket sonde with those collected by several other means, we found they largely bear good
agreements, which indicates that the TK-1G sounding rocket system and the data processing methods
are viable and reliable. Thus, the flight test proves that the TK-1G sounding rocket system can
accurately measure the atmospheric elements in the height range of 20-60 km, which is of significance
for making up for the shortcomings of the meteorological detection of near space.
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