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Abstract: As an important means of in situ detection in near space, meteorological rockets can provide
a high-precision distribution analysis of atmospheric elements. However, there are currently few
studies on the principles of meteorological-rocket detection and the application of rocket-sounding
data. The purpose of this paper is to fill this gap by providing a detailed introduction to the detection
principle of a meteorological rocket launched in the East China Sea in November 2022. Moreover,
empirical models, satellite data, and reanalysis data were selected for comparison and verification
with the rocket-sounding data. Furthermore, the accuracy of these widely used datasets was studied
based on the rocket-sounding data in the near space over the East China Sea. Additionally, gravity-
wave power—frequency spectra were extracted using the maximum entropy method from both the
rocket-sounding data and the remote-sensing data. Furthermore, the relationship between gravity
waves and Kelvin—-Helmholtz instability (KHI) was investigated by analyzing the gravity-wave
energy and the Richardson number. The research findings indicate that among the remote-sensing
data describing the atmospheric environment over the launch site, the COSMIC occultation data
is more accurate compared with the SABER data. The wind-field distribution derived from rocket
detection is consistent with the Modern-Era Retrospective analysis for Research and Applications
(MERRA) reanalysis data, while also providing a more detailed description of the wind field. The
main wavelengths of gravity waves extracted from rocket-sounding data are consistently smaller
than those obtained from satellite remote-sensing data, indicating that rocket sounding is capable of
capturing more intricate structures of gravity waves. The good correspondence between the peaks of
gravity-wave energy and the regions where KHI occurs indicates that there is a strong interaction
between gravity waves and KHI in the middle atmosphere.

Keywords: meteorological rocket; satellite remote sensing; accuracy analysis; gravity wave; KHI

1. Introduction

Near space generally refers to the airspace between 20 km and 100 km in altitude,
which includes the stratosphere, mesosphere, and low thermosphere. With the emergence
of new generation near-space vehicles such as unmanned aerial vehicles (UAVs) and
near-space airships, the support for their flight missions requires near-space detection [1].
Currently, common methods for near-space detection include radiosondes [2,3], remote
sensing [4-8], and meteorological rockets [9,10]. As a widely used detection method,
radiosondes can detect a variety of atmospheric elements above the release point. However,
the maximum ascent height is limited to around 30—40 km. Satellite detection methods
can acquire global observations, but there are strict local time requirements for the same
observation point. Radar detection has sparse and fixed stations. Meteorological-rocket
sounding is the only in situ means to directly and accurately measure the atmospheric
environment in near space. Its detection data is widely used in the study of the structure
and element distribution of the middle and upper atmospheres [11-14]. Currently, the
two most widely used technologies for meteorological rockets are the measurement of
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atmospheric temperature using a thermistor and the measurement of atmospheric density
and wind field using the falling-sphere method [15].

The high data precision and wide detection range of meteorological rockets make
them widely used in research on the accuracy of satellite data and atmospheric empirical
models [1]. Based on the data from meteorological rockets launched in the northwest region
of China in 2004, the accuracy of the wind-field data from the atmospheric empirical models
and the temperature data observed by SABER at that location were analyzed [16]. Jiang G.
et al. [17] analyzed the results of the meteorological-rocket soundings conducted as part of
the Meridian Space Weather Monitoring Project and investigated the atmospheric stability
over the launch site. Ge. et al. [15] carried out research on a falling-sphere experiment in
northwest China and used the position data and the NRLMSISE-00 model data as input to
derive the wind profiles. It was concluded that the inaccuracy of model density has little
effect on the calculated wind speed and direction. Zhou et al. [11] analyzed the acquisition
rate and data accuracy of the experimental data of a meteorological rocket equipped with
a satellite navigation system. However, previous comparative studies were limited to
analyzing the discrepancies between rocket data and individual satellite data or empirical
models. Based on rocket-sounding data, this article aims to analyze the accuracy of satellite
remote-sensing data, reanalysis data, and atmospheric empirical models.

Currently, the dynamic processes in near space have become a research hotspot in the
context of climate change, as they can provide an important basis for ensuring the normal
operation of spacecraft and improving the accuracy of numerical weather prediction [18,19].
Gravity waves, Kelvin-Helmholtz instability (KHI), and turbulence, as important physical
processes in near space, have been extensively studied through various types of detection
equipment and numerical simulations [20-23]. In the studies of numerical simulation of
the interaction between gravity waves and KHI, the current focus is often on the process of
KHI as the initial disturbance that excites small-scale gravity waves [23,24]. As for direct
observations, commonly used methods include lidar [25] and radiosonde balloons [26].
However, lidar locations are fixed, so observations cannot be relocated, and the height to
which balloons ascend is limited, making it impossible to probe the upper stratosphere. In
this study, conducted in the East China Sea, the occurrence of KHI at the heights of the
stratosphere and mesosphere was directly demonstrated, showing good consistency with
the energy of gravity waves. This study provides important evidence for the interaction
between gravity waves and KHI and offers new insights for future research.

This paper is based on the near-space detection data obtained from China’s first sea-
launched meteorological rocket. It primarily focuses on three research aspects: (1) The
principle and data-processing flow of meteorological-rocket detection are introduced in
detail, which can provide a reference for similar research in the future; (2) Using empirical
models, satellite data, and reanalysis data, the rocket data are compared and verified, and
the reasons for the differences are analyzed; (3) Rocket-sounding data are valuable for
studying the dynamics of the middle and upper atmosphere. The gravity-wave parameters
extracted from the rocket data are compared with the gravity-wave parameters extracted
from the satellite data. The relationship between gravity-wave energy and KHI occurrence
is also studied.

2. Materials and Methods
2.1. Detection Principle of the Meteorological Rocket

The meteorological rocket used here was launched over the East China Sea in Decem-
ber 2022. Figure 1 illustrates the detection trajectory during its ascending and descending
phases, as well as the working principle of the meteorological rocket for atmospheric
environment detection. Initially, the sonde was carried by the meteorological rocket to
an altitude above 60 km. Then, the ejection separation system was activated, separating
the sonde, recovery parachute, arrow cone, and the arrow-body-recovery module. Sub-
sequently, the recovery parachute was gradually straightened under the guidance of the
guide parachute, providing lift for the descent of the sonde.
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Figure 1. Schematic diagram of meteorological-rocket sonde trajectory and the working principle.
The blue line is the trajectory of the ascending phase of the rocket and the red line is the trajectory of
the descending phase of the sonde. The origin of the coordinates is the launch site of the rocket, and
only the trajectory of the descent phase above an altitude of 20 km is shown.

During the experiment, temperature data were directly observed through the bead
thermistor, and the position information (longitude, latitude, and altitude) of the rocket
sonde was obtained through the navigation satellite system. The pressure at each altitude
was calculated from the measured base pressure using the barometric height formula, and
the atmospheric density was calculated using the ideal gas equation. For the preprocessing
of temperature data and position data, coarse errors were eliminated by setting the thresh-
old value using the 3¢ law and then using three Hermite interpolations to make up the
points. Taking into account the pendulum period of the parachute, an integer multiple of
the swing period as the smooth-fitting interval was used to smooth the data.

Due to the varying speed of the sonde during the descent, different numbers of points
were used to fit the positional data at different altitudes. The first derivative of the linear fit
was used to obtain the velocity, and the second derivative of the fourth-order fit was used
to obtain the acceleration. Figure 2 shows the variation in velocity and acceleration with
time during the descent of the rocket sonde. The data of the wind field during the descent
of the sonde can be obtained by inverting the speed and acceleration [1]. When the speed
and acceleration of the descent stage are determined, the wind speed can be calculated
using the following formulas:

Wy =x— =

z 1)
W, =i — 2z ?)
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where Wy, Wy, and W represent the meridional (north-south), zonal (east-west), and
resultant wind speed, respectively. x, i, and z represent the velocity of the rocket sonde in
the X, Y, and Z directions, respectively.x, i, and z represent the acceleration of the sounding
instrument in the X, Y, and Z directions, respectively. g represents the gravitational
acceleration at the launch site. Given the meridional and zonal wind speed, the wind
direction 6 can be calculated using the following formula:
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Figure 2. (a) Velocities and (b) accelerations of the sphere in the X, Y, and Z directions.

The data sampling frequency was 2 Hz. Due to the varying descent speeds at different
altitudes, the sampling interval initially started at several tens of meters and gradually
decreased during the descent, reaching approximately 1~2 m at an altitude of 20 km.

In view of the correction of temperature data, the temperature measurement model
given by the World Meteorological Organization (WMO) was used here for processing.
The model is divided into the following terms: pneumatic heating, temperature hysteresis,
direct solar radiation, short-wave radiation emitted by the earth’s surface and clouds, long-
wave radiation, environmental thermal radiation, structural heat conduction, and measured
current heating. The temperature profile was effectively corrected using this model.

In addition, four hours before the rocket launch, a sounding balloon was released
to detect the atmosphere above the launch site. Figure 3 shows a comparison of the
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temperature, wind speed, and wind direction between the balloon detection and the rocket
detection. It can be seen that the results are basically consistent.
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Figure 3. Profile comparison of rocket detection and balloon detection: (a) Temperature; (b) Wind
direction; (c¢) Wind speed. The red line represents the rocket detection profile, and the blue line
represents the radiosonde detection profile.

2.2. Atmospheric Empirical Model

MSIS (Mass Spectrometer and Incoherent Scatter empirical model) is an empirical
model widely used internationally to describe the atmospheric environment in the middle
and upper atmospheres. It is based on data obtained from satellite mass spectrometers
and ground-based incoherent scatter radars [27]. By inputting the location, time, solar
activity, and geomagnetic activity, one can obtain the density, temperature, and other
element profiles of the neutral atmosphere in the range of 0 to 1000 km altitude at the
corresponding location.

HWM (Horizontal neutral Wind Model) builds an empirical model of the atmospheric
wind field from the ground to the upper atmosphere (0~500 km) based on decades of
data from rockets, satellites, and ground-based observation devices, combined with a
spherical harmonic-function-fitting equation [28]. The results of the mean wind field at this
location can be obtained by inputting information on elements such as position, time, and
geomagnetic activity. The latest version of HWM, HWMO07, is used in this paper.

MSIS and HWM have a low vertical resolution of 0.5 km. This study only compares
the altitude range that matches the rocket’s detection range.
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2.3. Satellite Remote-Sensing Data

The TIMED satellite was launched from Vandenberg Air Force Base in the United
States in December 2001. It is a quasi-sun-synchronous satellite used to detect atmospheric
temperature, pressure, wind field, chemical composition, and energy transport from the
mesosphere to the lower thermosphere region [4]. The Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) instrument on the TIMED satellite is
a broadband radiometer that observes atmospheric infrared emissions in limb-viewing
geometry with an altitude resolution of about 2 km [29]. By measuring the infrared radiation
of Earth’s atmosphere at the limb, it provides information on the atmospheric temperature
and basic composition from the lower stratosphere to the lower thermosphere. Under
normal observation conditions, approximately 1400 atmospheric profiles can be obtained
daily, with a horizontal resolution of about 400 km. The temperature error is 1-3 K in the
15-80 km altitude range [5,30]. The data used in the paper is Version v2.0 of SABER/TIMED,
which includes temperature, water vapor, ozone, and other atmospheric information.

COSMIC (Constellation Observing System for Meteorology, lonosphere, and Climate)
is a collaborative research project between the United States and Taiwan, China. The
COSMIC constellation consists of 6 identical microsatellites, each carrying a GPS Occulta-
tion Experiment (GOX) receiver to conduct radio-occultation observations of the Earth’s
atmosphere [31]. The COSMIC occultation data provides global coverage and is designed
to offer 2500 atmospheric profiles per day, with a vertical resolution of approximately
0.5-1.5 km and a horizontal resolution of around 200-300 km. We used the level 2 “atmPrf”
version of the COSMIC data, which can provide dry-temperature profiles from the surface
up to 60 km altitude [32].

2.4. MERRA-2 Reanalysis Dataset

MERRA (Modern-Era Retrospective analysis for Research and Applications) is a global
climate reanalysis dataset developed and maintained by the National Aeronautics and
Space Administration (NASA) of the United States. MERRA-2 is produced by the 5.12.4 ver-
sion of the GEOS atmospheric data assimilation system with the GEOS atmospheric model
and GSI analysis scheme as the core [33]. Compared with the previous version of MERRA
reanalysis data, MERRA-2 uses a cubed-sphere grid to reduce the grid-spacing singu-
larities on the latitude—-longitude grid, assimilate more satellite observation data, reduce
the deviation of the water cycle, show more accurate zonal wind and mean meridional
circulation, and provide atmospheric-aerosol reanalysis data [33-35]. In this study, the
MERRA reanalysis wind-field data used in this paper has a temporal resolution of 3 h, a
horizontal resolution of 0.625° x 0.5°, and a total of 72 vertical layers from the ground level
to an altitude of 78 km.

2.5. Data Comparison Method

During the comparative analysis, due to the multiple sources and varying accuracy of
the data, the rocket-sounding dataset with the highest vertical accuracy was interpolated
to match the altitude values of the other datasets. When analyzing the variability of
the temperature elements, the deviation E, maximum deviation Emax, mean deviation E,
average deviation rate R, and RMS were calculated. The calculation formulas for these are
as follows:

Ei = X; — Xoi ®)

Emax = max(abs(E;)) (6)
_ 1 XN

E= Nxabs(Ei) 7)

(®)
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N 2
X (Xi — Xoi)

R _ i=1
MS — N )

where X; refers to the data obtained from rocket observations at a particular point, X;
represents the values of satellite observations or model data at a specific altitude, and N is
the total number of data points.

When analyzing the differences in pressure, it is more reasonable to calculate the deviation
rate R; between different datasets, because pressure changes exponentially with altitude.

_ Xi— Xoi

R4
' Xoi

(10)

2.6. Gravity-Wave Power—Frequency Spectrum

Wind shear is an important factor in the generation of gravity waves, and changes
in the wind and temperature fields are a key manifestation of gravity waves [2,36-38]. In
order to analyze the different gravity-wave parameters extracted by different detectors,
gravity-wave spectra were extracted from the wind shear and wind-field profiles detected
by the rocket and the temperature profiles of satellite data, respectively. For the wind-field
and temperature profiles, the original profiles were subtracted from the background profiles
to obtain the perturbation profiles, using a fourth-order polynomial fit as the background
profile. With regard to wind shear, a high-pass filter with a cutoff wavelength of 20 km
was applied to obtain the profiles considered to be perturbations caused by gravity waves.
Subsequently, gravity-wave spectra were extracted from the perturbation profiles using the
maximum-entropy method. Different types of data were interpolated into the profiles with
a 1 km interval to extract the gravity-wave power—frequency spectra.

Compared with general spectral analysis methods, the MaxEnt (Maximum Entropy)
spectral analysis shows a better ability to estimate the signal’s spectrum using the maximum-
entropy principle with limited information, along with good spectral resolution and noise
robustness, which is suitable for the rocket’s wind-field data. By solving the Yule-Walker
equation and obtaining the model parameters, the signal’s power spectrum can be esti-
mated using the following equation:

5%

P(ef) =
‘1 + Y axe Y

(11)

P(e/) represents the power spectral density of a complex exponential signal with a
frequency of w. é,, represents the frequency-resolution window. N is the polynomial order,
which determines the frequency range and complexity of the signal fitting. a; represents
the complex coefficients of the polynomial.

2.7. Kelvin—Helmholtz Instability

Wind shear refers to the sudden change in wind speed and wind direction in the
atmosphere. Wind shear often occurs in regions with high wind speed and is closely related
to the existence of jet streams [39]. The formula for calculating the intensity of vertical wind

shear is expressed as follows:
au du\? | (dv\?
&z V (&) (%) (12

In the formula, # and v represent the meridional wind and zonal wind, respectively,
while z represents the altitude. The derivatives ‘;—;‘ and ‘;—zz’ were calculated using the central-
difference method. Here, the rocket-sounding data were interpolated uniformly at 50 m
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intervals. Taking into account small-scale perturbations and data jitter caused by noise, a
1 km sliding average of the wind shear was performed here [21].

The N (Brunt-Viisild) frequency is an important parameter that describes vertical
oscillations and stability in the atmosphere. It characterizes the stability of vertical oscil-
lations in the atmosphere. N? can be used to determine the stability of the atmospheric
stratification. When N2> 0, the basic stratification is considered stable. The expression for

N2 is as follows: p
2_8(4L &
NT=7 ( dz cp) (13)

In the formula, ¢ and ¢, represent the acceleration of gravity and the specific heat at
constant pressure, respectively. T represents temperature, and z represents altitude. In
order to eliminate the influence of vertical disturbance on the buoyancy frequency, we
calculated a five-point sliding average of the frequency (corresponding to a smooth window
of 200 m).

Subsequently, the obtained wind shear and buoyancy frequency can be used to cal-
culate the Richardson number. The Richardson number is a dimensionless parameter.
When it is below a critical value (typically 0.25), the atmospheric condition in that region
is considered unstable, indicating the potential occurrence of KHI. The equation for the
Richardson number is as follows:

Ri=—— (14)

2.8. Gravity-Wave Energy

The original profiles of wind field and temperature were fitted using a fourth-order
polynomial to obtain the background profiles. Then, a high-pass filter with a cutoff wave-
length of 20 km was applied to the perturbation profiles obtained by subtracting the
background profiles from the original profiles. The remaining perturbations were consid-
ered as disturbances caused by gravity waves. The total energy of gravity waves E; was
calculated from the meridional wind perturbation (v'), zonal wind perturbation (u'), and
temperature perturbation (T') according to the following formula:

E:=E +Ep (15)

Ex = = [u? + v (16)

N 2
1/,9\2(T

B=3(5) (= 17

P 2\N ( T ) a7

T% represents the normalized temperature disturbance. Ej and E, represent the
kinetic energy and potential energy per unit mass, respectively. u’ and v’ represent the
average values of wind-speed disturbances within a certain interval range. Due to the
limited availability of one-time sounding data in this study, the strength of the gravity-
wave activity was assessed by computing the vertical profile of the gravity-wave energy. In
order to calculate the gravity-wave energy and the Richardson number (Ri), the wind-field

components u and v were interpolated at 50 m intervals.

where

3. Results
3.1. Time-Series Analysis of Temperature and Wind-Field Profiles

Figure 4 depicts the variations in temperature with altitude and time at the rocket
launch site spanning the five days prior to and the five days after the rocket launch, using
COSMIC and SABER data. It also illustrates the changes in zonal and meridional winds
with altitude and time at the launch site using reanalyzed MERRA-2 data. When studying
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the temperature variation with altitude and time, the average of all temperature profiles
within £5° of the latitude and longitude range over the launch site was considered the
satellite temperature observation of that day over the rocket launch site. Considering the
uniform spatial resolution and high accuracy of the MERRA-2 reanalysis data, the profiles
closest to the launch site and that had the time closest to the local time of the launch day
were selected. In total, we considered data for 11 days, including five days before and
after the rocket launch, to assess if the local wind-field background was not a state of
abrupt change.
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Figure 4. The distribution plots of temperature and wind field with respect to time and altitude
are as follows: (a) Atmospheric temperature observed by SABER; (b) Atmospheric temperature
observed by COSMIC; (c) Zonal wind based on MERRA data; (d) Meridional wind based on MERRA
data. The abscissa represents the difference in dates from the day of rocket launch, where 0 denotes
the day of rocket launch, positive numbers indicate the days after the rocket launch, and negative
numbers represent the days before the rocket launch. For east-west winds, a wind blowing to the
east is considered positive, while a wind blowing to the west is considered negative; for north-south
winds, a wind blowing to the north is considered positive, while a wind blowing to the south is
considered negative.

From Figure 4a,b, it can be seen that in the altitude range of 20~30 km, the tempera-
tures observed by COSMIC are lower than those observed by SABER, while in the altitude
range of 30~50 km, the temperatures observed by SABER are lower than those observed by
COSMIC. The temperature distribution between the two observation profiles exhibited dif-
ferent trends before two days prior to the rocket launch. However, they become consistent
one day after the rocket launch. In the distribution of the wind field, it is observed that the
meridional wind speed is generally significantly lower than the zonal wind speed. From



Remote Sens. 2024, 16, 402

10 of 20

Figure 4c, it can be seen that there is little variation in the zonal wind speed in the two days
before and after the rocket launch. At altitudes of 20-30 km, there was a westerly wind,
while at around 30-50 km, there was an easterly wind followed by a return to a westerly
wind. In terms of the distribution of the meridional wind, it can be found from Figure 4d
that the stratospheric meridional wind changed from north to south two days before the
launch of the rocket and maintained a large southerly wind speed. Therefore, it can be
concluded that the atmospheric element distribution on the launch day is relatively stable,
and the comparative analysis of different datasets will not be biased by sudden changes in
atmospheric elements occurring at the time of launch.

3.2. Comparison of Temperature, Pressure and Wind-Field Data

By inputting the location information and time of the rocket launch site, the atmo-
spheric temperature and density information from the MSIS model under the same condi-
tions can be obtained, and the pressure can be calculated through the barometric-height
formula. The observational data from the SABER and COSMIC systems that were close to
the rocket launch site on the same day were searched, and the corresponding temperature
and pressure profiles with altitude variations were obtained.

The temperature comparison between the rocket, remote sensing, and MSIS is shown
in Figure 5. From Figure 5a, it can be seen that the temperature distribution trends of the
different data are basically the same, and there is not much difference between the rocket-
sounding data and the remote-sensing observation and atmospheric model, indicating that
the rocket-sounding dataset has good credibility and can better reflect the distribution of
local atmospheric elements. If the occurrence of the maximum temperature is considered
to be the height of the stratopause, the altitude of the stratopause observed by the rocket
is roughly 47 km, which is not very different from the stratopause shown by the MSIS
model and COSMIC data. However, SABER observed a temperature maximum at around
37 km, followed by a decrease in temperature with increasing altitude but a lower rate of
temperature decreases at 45~50 km, where the inversion occurs again. In the distribution
of temperature deviations, it can be seen that below 40 km, the COSMIC data and MSIS
model data show lower values. But above 40 km, the difference between the COSMIC data
and the rocket probe data becomes larger. This may be due to the increasing contribution
of the ionosphere’s bending effect on electromagnetic waves at higher altitudes. Even after
ionospheric correction, residual errors that cannot be eliminated may still exist, leading
to significant observational noise and reduced accuracy in the inversion of atmospheric
parameters [40].

Table 1 presents the statistical comparisons of the rocket-sounding data with the
satellite data and MSIS. The average deviations between the COSMIC occultation data,
SABER data, MSIS model data, and rocket-sounding temperature data are 3.34 °C, 5.38 °C,
and 5.38 °C, respectively. The root mean-square errors are 3.9 °C, 6.8 °C, and 6.4 °C,
respectively. The trend distribution of the COSMIC occultation data shows the closest
agreement with the rocket-sounding data and has the smallest deviation. Although the
average error of SABER data and MSIS data is the same compared to rocket-sounding data,
the error rate and root mean-square error of SABER data are greater, indicating that the
degree of deviation of SABER data from rocket data has changed. As can be seen from
Figure 5, SABER has a systematic negative deviation above 40 km altitude, and this tends
to increase with height.

Table 1. Temperature comparison between rocket detection and the COSMIC, SABER, and MSIS
models.

Enax (°C) E (°C) R RMS
COSMIC 8.54 3.34 12.0% 3.9
SABER 15.56 5.38 23.0% 6.8

MSIS 11.12 5.38 18.2% 6.4




Remote Sens. 2024, 16, 402

11 of 20

(@ (b)

60 . , ‘ 60
551 1 55+ 1
50 1 50 1
——COSMIC
SABER
451 MSIS | 450

Rocket

Altitude(km)
ES
Altitude(km)
S

351 1 351 1
30 1 30 1
25+ 1 25+ — 1
20 1 L 1 1 20 L 1 1 1 L
-70 —60 -50 —40 -30 -20 -10 20 -15 -10 -5 0 5 10

Temperature(°C) Temperature deviation(°C)

Figure 5. Temperature deviation among the meteorological rocket, COSMIC, SABER and MSIS:
(a) Temperature profiles; (b) Temperature-deviation profiles.

The comparison of the rocket, satellite, and MSIS model pressure data is shown
in Figure 6. Below 30 km, the satellite and MSIS data are dominated by small positive
deviations; above 45 km, the deviation of the SABER measurements increases rapidly, while
the deviation of the MSIS model data and COSMIC measurements is always within 5%.

Overall, the COSMIC occultation data show the smallest deviation compared with the
rocket-sounding data, followed by MSIS model data, and the SABER data show the largest
deviation. The deviation between the rocket data and the MSIS model can be attributed to
a few factors. Firstly, the MSIS model is an empirical model based on long-term averages
with low spatiotemporal resolution. Secondly, when the MSIS model was developed, there
was a lack of sounding data for the stratosphere in the Chinese region, leading to inaccurate
descriptions. Regarding the deviation between the rocket data and the satellite data, the
larger deviation in the SABER data compared with the COSMIC data can be attributed
to two reasons. Firstly, there are differences in the timing and spatial coverage of the
individual profile measurements. Secondly, due to differences in their satellite-observation
principles, COSMIC observation has a higher temporal and spatial resolution compared
with SABER observation. COSMIC data is currently considered to be relatively accurate
below 40 km, but as the altitude increases, the influence of the ionosphere becomes more
significant, leading to a decrease in detection accuracy [41]. Some studies have been
conducted to analyze the accuracy of COSMIC occultation data, and through radiosondes,
it has been verified that COSIMC occultation data is unbiased in the lower stratosphere
region [42,43]. Below 40 km, the temperature deviation is negative, and there is a relatively
uniform systematic error, but above 40 km this systematic error is not obvious. In terms of
air-pressure comparison, the deviation below 40 km is relatively small, and the deviation
above 40 km tends to increase as the height increases. There are also studies indicating that
SABER/TIMED data exhibit systematic bias below 70 km, with a large negative bias in
upper stratospheric temperatures [44], which is consistent with the conclusions drawn in
our paper. Fan et al. [45] pointed out that within a given range of consistent time and space,
the temperature observations from SABER and COSMIC data in the winter of the Chinese
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region show little difference below 40 km, with primarily negative deviations observed
at 40~60 km heights reaching a maximum of —6 K. This is consistent with the deviation
trends of the selected satellite data in this study.
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Figure 6. (a) Pressure profiles and (b) pressure relative deviation among the meteorological rocket,
COSMIC, SABER, and model MSIS data.

By inputting the location and time information of the rocket launch site, wind-field
data from the HWM model can be obtained. Similarly, wind-field data from the nearest
location and time in the MERRA reanalysis dataset was selected. The MERRA-2 data
matched the launch position, and the time of the rocket differed by less than 0.5 degrees in
latitude and longitude and less than 1.5 h in time. After obtaining the wind speed of the
meridional and zonal wind under the same conditions as the rocket launch site, the total
wind speed and direction were calculated by Equations (3) and (4).

Figure 7 shows the comparison of the wind speed and direction of the rocket with the
HWM model and the MERRA reanalysis data. Figure 8§ compares the zonal and meridional
wind speed. It can be clearly seen that, in terms of wind speed, the MERRA reanalysis data is
more consistent with the observed trend from the rocket data, while the HWM model shows
significant differences from the rocket-detected wind speeds. In terms of wind direction, the
different datasets exhibit similar distribution trends with height, indicating the reliability
of the rocket-sounding data. At altitudes between 30~45 km, the wind speed from the
HWM model is noticeably lower. This is primarily due to the model’s underestimation
of the zonal and meridional wind in this altitude range, particularly in describing the
eastward jet. Moreover, in the altitude range of 50~60 km in the mesosphere, the model
wind field and reanalysis wind field also have a large deviation from the rocket-detection
wind field. The unrealistic features observed at the upper model levels are attributed,
in part, to the inherent damping effect on the reanalysis data [29]. Similar conclusions
were drawn by Z. Sheng et al. [14] through comparing rocket data with both the WACCM
model and HWM model wind fields. The differences between the MERRA reanalysis
wind field and the rocket-detected wind field can be attributed to a few factors. Firstly, the
MERRA reanalysis data is a result of assimilating multiple observational datasets, whereas
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a single rocket measurement is subject to various influencing factors. Secondly, the vertical
resolution of the MERRA reanalysis data is relatively low and decreases with increasing
altitude. Therefore, it is normal to observe differences between the reanalysis data and

rocket-detected wind fields in the mesosphere.
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Figure 7. Comparison of (a) wind speed and (b) wind direction among meteorological rocket, model

HWMO007, and MERRA reanalysis data.
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Here, for the analysis of the wind field, the rocket-sounding data is more capable
of describing the fine structure of the atmospheric wind field, and the fluctuation and
wind shear are more pronounced. At the 25 km and 47 km altitudes, there are significant
persistent oscillations in wind direction. It is noteworthy that these two altitude layers are
near the height of zero zonal wind speed and are the transition layers of the wind direction
changing from west (east) to east (west), and the overall wind speed is low. Once there are
fluctuations in wind speed, the wind direction also fluctuates significantly. Considering the
high resolution of the rocket sounding, it is reasonable to observe rapid changes in wind
direction at these altitude layers.

3.3. Atmospheric Gravity-Wave Spectrum Analysis

Figure 9 shows the gravity-wave power—frequency spectra obtained from rocket de-
tection profiles and remote-sensing detection profiles using the maximum-entropy method.
Figure 9a—c respectively show the gravity-wave spectra extracted from the wind shear,
zonal wind, and meridional wind obtained from rocket detection, with main wavelengths
of 9.1 km, 7.7 km, and 5.6 km. Figure 9d,e respectively show the gravity-wave spectra ex-
tracted from temperature profiles observed by COSMIC occultation and SABER, with main
wavelengths of 14 km and 10 km. The gravity-wave wavelengths extracted from remote-
sensing observations are significantly larger than those obtained from rocket-detection
profiles. Due to the wide range of gravity-wave scales, each observation instrument can
only observe a specific part of the gravity-wave spectrum [46]. Therefore, such differences
are most likely caused by the lower resolution of satellite remote-sensing detection, and
the vertical resolution of COSMIC occultation observation is higher than that of SABER
observation, resulting in shorter extracted wavelengths.
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Figure 9. Gravity-wave power—frequency spectra were extracted from profiles of various types:
(a) Wind shear; (b) Zonal-disturbance wind field; (c) Meridional-disturbance wind field; (d) Temperature
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from SABER measurement; (e) Temperature from COSMIC occultation. The horizontal axis WN
(Wave number) represents the wave number in units of km~!. The blue line represents the power—
frequency spectra of gravity waves extracted from the rocket-detected wind shear or wind field,
while the red line represents those extracted from remote-sensing data.

3.4. The Interrelationship between KHI and the Gravity-Wave Energy

From Figure 10a, it can be observed that the wind shear remains relatively stable below
40 km, but at altitudes between 40 km and 48 km, the wind shear increases with altitude.
In Figure 10b, it can be noted that all N2 values are positive, indicating a generally stable
atmosphere over the launch site. However, there are significant fluctuations in N2 values
in the altitude range of 45 km to 50 km, followed by a decrease. This corresponds precisely
to the rapid increase in wind shear, suggesting the possible presence of a turbulent layer in
this altitude range.
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Figure 10. Rocket-sounding data: (a) Wind shear; (b) Buoyancy-frequency squared. The profiles of
gravity-wave energy and the Ri profile are as follows: (c) Ri, (d) Ep; (e) Et. The dashed blue line in
figure (a) indicates Ri = 0.25. The five colors delineate the five regions where KHI occurs.

The occurrence of KHI is primarily measured by a critical value of the Richardson
number (Ri) being below a certain threshold [47]. Figure 10e illustrates the vertical distri-
bution of Ri. It can be observed that there are continuous altitude layers with Ri values
below 0.25 in the height ranges of 53~57 km, 47~49 km, and 26~27 km. In the height ranges
of 37~40 km and 23~26 km, there are discontinuous atmospheric layers with Ri values
below 0.25. In other words, KHI mainly occurs in these five regions. By comparison with
Figure 10a, it can be noticed that the regions where KHI occurs align with areas of a sudden
increase in wind shear. This is also consistent with previous studies, as KHI often develops
in regions of strong shear flow [25,48].

From Figure 10c,d, it can be inferred that below an altitude of 40 km, there exists a
clear proportionality between the total energy and the potential energy of gravity waves.
However, above 40 km, the proportionality relationship between the total energy and the



Remote Sens. 2024, 16, 402

16 of 20

potential energy of gravity waves becomes less evident. Above 40 km, wind shear gradually
increases with altitude, which may trigger the generation of gravity waves at different scales.
Furthermore, the background wind-field transitions from easterly to westerly, and this
change in the background wind field can also impact the propagation and development
of gravity waves [49,50]. These factors collectively contribute to the complexity of the
proportionality relationship between potential energy and total energy in the context of
gravity-wave dynamics. The five regions in which KHI is predominantly observed have
been identified and correspond to the peaks in gravity-wave energy, particularly in the
potential energy peak, which is observed to occur in KHI regions. The gravity waves and
KHI are closely linked through complex dynamic processes, playing an important role in
the transfer of energy and momentum in the atmosphere [26,47,51,52]. KHI occurs at the
interface of two fluids with different densities, giving rise to instability due to variations in
fluid velocity and density. This instability can lead to the generation of waves, subsequently
giving rise to gravity waves [23]. The process of KHI-induced gravity-wave generation has
been described, wherein KHI manifests as an unstable billow motion that forms periodic
vortex structures [23,53]. Meanwhile, research has also shown that gravity waves can serve
as a triggering mechanism for KHI. This is because the presence of gravity waves in fluid
layers with varying atmospheric densities can lead to the generation and intensification
of wind shear, which, in turn, triggers the instability at the fluid interface and gives rise
to KHI [25]. Because individual gravity waves do not exist in the actual atmosphere,
multiple gravity waves are often superimposed, making it impossible to determine which
one is the excitation source in the study. However, direct observation has shown a strong
connection between the occurrence of KHI and gravity-wave energy in the stratosphere
and lower mesosphere. This serves as important evidence of the interaction between KHI
and gravity waves.

4. Discussion

This article focuses on the principles of meteorological-rocket detection and its data-
processing procedures, which will be very helpful for those who want to understand
the principles of meteorological-rocket detection or who need to process meteorological-
rocket data. Based on the comparison and analysis of rocket data with various widely
used datasets, the accuracy of rocket data has been verified and validated. The obtained
results are generally consistent with previous studies, showing that COSMIC data are
relatively accurate below 40 km, while SABER data exhibit a systematic negative bias above
40 km. Previous studies have often used cross-validation of satellite data or radiosonde at
altitudes below the stratosphere [41], while this article provides a higher level of credibility
by analyzing the accuracy of different datasets based on in situ detection at altitudes of
20-60 km. This study only utilized data from a single rocket experiment. The findings
of this study can serve as a reference for future research using the data compared in this
study. However, to understand the differences in these data at different times, more rocket
experiment data would be required.

This study analyzes the relationship between gravity-wave activity and KHI by calcu-
lating the gravity-wave energy and Richardson number. The research shows that the peak
energy of gravity waves corresponds well with the regions where KHI occurs, providing
direct observational evidence of the interaction between gravity waves and KHI. Currently,
due to the lack of abundant detection methods for the middle atmosphere, studies on
middle atmospheric dynamics often rely on limited direct observations and numerical
simulations [25,54,55]. In many numerical simulations, one of the processes is usually
treated as the excitation source. However, in this study, we were unable to analyze the un-
derlying mechanism of how this occurs or determine causality, and we could only observe
the consistency between the high energy of gravity waves and the occurrence of KHI

Gravity waves and KHI are important dynamical processes in the middle atmosphere,
playing a crucial role in the transfer of energy and distribution of substances in the atmo-
sphere [46]. One important future research direction is to conduct small-scale dynamic
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experiments in the middle atmosphere based on direct observations. The results of this
study are expected to provide useful feedback for the use of meteorological-rocket data
and research on middle-atmospheric dynamics.

5. Conclusions

This study introduces the detection principle and data-processing process of a meteo-
rological rocket launched over the East China Sea. Based on the comparison of rocket data,
the deviation between different datasets and rocket data was analyzed, the gravity-wave
parameters were extracted, and the atmospheric dynamic stability over the launch site was
analyzed. The primary findings can be summarized as follows:

(1) Rocket-sounding data offers a reliable representation of atmospheric elements
and the vertical distribution of wind fields. The data obtained through this method is
highly credible and has high resolution, enabling a more detailed characterization of the
atmosphere. Compared with the temperature data observed by the rocket, COSMIC data
exhibited a better overall agreement with the rocket observation, while SABER data showed
the largest deviation. Regarding wind-field data, the wind field detected by the rocket
aligned with the MERRA reanalysis wind-field trend, albeit exhibiting finer changes in
the wind field. This study also examines the factors contributing to the varying levels of
accuracy in different datasets.

(2) In this study, gravity-wave wavelengths were extracted from the wind shear,
meridional wind, and zonal wind profiles obtained by rocket measurements using the
maximum-entropy method, and they were found to be 9.1 km, 7.7 km, and 5.6 km, re-
spectively. Subsequently, gravity-wave wavelengths were extracted from various remote-
sensing data, including SABER and COSMIC temperature profiles, yielding values of 14 km
and 10 km. In comparison with satellite data, rocket observation enables the extraction
of gravity-wave parameters with a higher resolution and enables the detection of more
intricate gravity-wave structures.

(3) By utilizing calculated wind shear and N? profiles, we computed the Richardson
number (Ri) and observed that regions of rapid wind-shear increase corresponded to the
occurrence of KHI. The computation of gravity-wave energy was conducted to analyze
the relationship between KHI and gravity waves. The results revealed that in all five
regions where KHI occurred, there were corresponding peaks in the gravity-wave energy,
particularly in relation to potential energy. In this study, direct observation demonstrated a
clear mutual interaction between KHI and gravity waves in the middle atmosphere.
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