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Abstract: Using a set of near space high-resolution balloon data released in Hami, Xinjiang, we
explored the spectral characteristics of temperature fluctuations and three-dimensional wind field
fluctuations. As different from previous studies, which were based on radiosondes, we have increased
the height range of spectral analysis to the stratosphere (38 km), which can explore the variation
of spectral features with altitude, and can analyze higher wavenumber regions. The results show
that horizontal wind field disturbances are isotropic, meridional and zonal winds have relatively
consistent spectral structures, while vertical wind fluctuations have completely different spectral
structures, which cannot be explained by the existing “universal spectrum” theory. The observed
spectrum of horizontal wind field can be explained well by the “wind-shifting” theory. The ratio of
spectral kinetic energy to potential energy is approximately constant only in the high wavenumber
region but it varies at different height intervals. This study is a necessary extension of the observation
for the characteristics of the vertical wavenumber spectrum in northwestern China, and it is also an
experimental observation of spectral characteristics using radiosonde data at higher altitudes.

Keywords: vertical wavenumber spectrum; gravity wave; instruments and techniques

1. Introduction

A gravity wave is an important form of atmospheric motion. It is a wave whose restoring
force is gravity generated in the atmosphere with stable stratification. A gravity wave occurring
in the atmosphere is called an internal gravity wave, while one occurring near the free surface and
lower boundary of the atmosphere is called an external gravity wave. In the process of generation,
propagation, saturation and breaking of gravity wave, energy is always transported. Previous studies
have shown that the gravity waves in the middle and upper atmosphere are mainly generated in the
troposphere and the lower stratosphere [1], which can cause significant temperature and wind field
disturbances. Therefore, it is very useful to study the gravity waves by extracting the fluctuation
information in the data of atmospheric wind field and temperature field. Gravity waves generated in
the lower atmosphere increase in amplitude as the height increases, and when the amplitude reaches a
certain level, they break up due to convective instability or dynamic instability, and are considered
to have reached saturation. In this case, the airflow changes from layer to turbulence, which is also
recognized as the generation mechanism of CAT (clear-air turbulence). The concept of “universal”
spectrum was proposed in 1982 [2], showing that the vertical wavenumber spectrum in the troposphere
and the lower stratosphere generally has similar shape and power spectrum density regardless of
seasonal- and meteorological-conditions, or geographical location. Based on this, linear instability [3,4],
nonlinear wave-wave interaction [5], Doppler extension [6,7], saturation cascade similarity theory [8],
and other gravity wave saturation models were proposed.

Atmosphere 2020, 11, 133; d0i:10.3390/atmos11020133 www.mdpi.com/journal/atmosphere


http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-0025-3193
http://dx.doi.org/10.3390/atmos11020133
http://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/2073-4433/11/2/133?type=check_update&version=2

Atmosphere 2020, 11, 133 20f17

The means to obtain the information about the vertical wavenumber spectrum of gravity
waves is limited. Although space-based devices such as satellites cover a wide range, the
resolution is too low to reflect small-scale disturbances. At present it is mainly measured by
mesosphere-stratosphere-troposphere (MST) radar and middle-upper atmosphere (MU) radar [9,10],
rocket detection [11,12], lidar measurements, and balloon observations [13—16] to obtain mesoscale
fluctuations in different regions.

Radiosonde data, due to its high resolution, relatively low release cost, and many years of
continuous complete data, has become an important means to obtain the spectral information of
gravity wave [13-20]. However, many results show that the values of spectral amplitudes and slopes
have a wide range in the high wavenumber region, and some results even show that the observed
spectrum amplitudes and slopes do not follow the gravity wave saturation model [3,4,9,10,14,17,19,20].
The above researches show that with the improvement of balloon resolution, after obtaining the vertical
wavenumber spectrum with higher resolution, it will be found that the current gravity wave saturation
model cannot explain some phenomena. In order to improve and perfect the existing spectrum theory,
the research of high-precision vertical wavenumber spectrum is very necessary. In this study, we
analysis the vertical wavenumber spectrum characteristics of gravity waves in Hami, Xinjiang using
near space high-resolution balloon data and extract the spectrum characteristics of gravity waves
from temperature field and three-dimensional wind field. The research on spectrum characteristics is
extended to a higher altitude. Our work is a necessary extension to obtain the characteristics of the
gravitational wavenumber spectrum in northwest China by radiosonde data.

2. Data and Data Processing Methods

2.1. Data

The data used in this paper is from the CW-Beidou upper-air meteorological detection system,
which consists of a GTS3 digital radiosonde, GTC3 telemetry receiving system, GRZ2012 electronic
sonde detection box, computer processing terminal, and special software. The system adopts a new
TPU (temperature-pressure-humidity) sensor to measure atmospheric temperature, humidity and
pressure, and adopts Beidou positioning technology to measure atmospheric wind direction and speed.
The detection accuracy of this system is obviously improved compared with the existing detection
systems in China, and its anti-interference ability, cost of ground receiving system, automation degree
and requirements of application conditions are all greatly superior to other high-altitude detection
systems. From 21 September to 26 September 2019, a total of eight near space high-resolution balloon
sounding data were released in Hami region of Xinjiang, and meteorological data from the ground to
over 40 km were obtained. The sampling frequency of the sensor is 1 HZ, and the ascent rate of the
balloon is from 4 m/s at low altitude to 13 m/s at high altitude, with an average vertical resolution of
7 m. The data of temperature and wind speed were interpolated with cubic splines at an interval of
7 m. Compared with previous studies, the advantage of this experiment is that the radiosonde data
used in this experiment has higher detection height and higher vertical resolution, which can explore
the vertical wavenumber spectrum of most regions in the stratosphere and obtain the corresponding
spectrum features of higher wavenumber regions.

Wind shear is an important factor that excites gravity waves and can be obtained by the
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when calculating wind shear, a sliding average of 1 km is taken at the vertical height to filter out small

following formula:

scale fluctuations and jitter points caused by noise. As can be seen from Figure 1, under 10 km, wind
shear is generally small, less than 0.015 s, and above 20 km, there is a maximum area of wind shear,
which can reach 0.02 s}, especially in the night of 22nd and the day of 23rd. However, the diurnal
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variation of upper-air wind shear is very obvious, which indicates that the upper-level wind in this
region has a great variation.

21/night 22/day 22/night 23/day  24/night 25/day 25might  26/day
T T T T T T T T T T T T
40 B
E 30 1
Z
220} 1
< 10 | B
0 1 1 1 1 1 1 |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Shcar(s")
T T T T T T T
40 B
E3of .
3
220 —
< 10 - B
0 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Buoyancy frcqucncy(s'l)

Figure 1. Vertical wind shear (s™!) (top panel), buoyancy frequency (s!) (bottom panel) from eight
soundings. Successive profiles are displaced by 0.05 s™! for wind shear and buoyancy frequency.

2.2. Calculation of Vertical Wavenumber Spectrum.

Considering that the use of simple quadratic fitting method to generate the background profile
will generate large errors, we use sliding polynomial fitting to extract the gravity wave, which can
achieve a better effect [21]. The Savitzky-Gola filter is selected, the filter coefficient is calculated by
unweighted linear least squares regression and cubic polynomial, and the selected window width is 10
km. After fitting the whole profile of the temperature field and wind field data, the corresponding
background field profile is obtained. The five interval segments mentioned above are selected, and
the residual is obtained by subtracting the background profile from the original data. Referring
to the method proposed by Dewan and Grossbard [22], taking the vertical wavenumber spectrum
of temperature profile as an example, the complete process of wavenumber spectrum extraction is
described as follows:

The perturbation profile of temperature T7 is obtained by subtracting the fitting value T}y from the
original data T;(1 < i < N), where i is the ith data point. The normalized perturbation of temperature
T; can be obtained form T; = T/ Tip, in order to reduce the spectrum leakage, the perturbation value is
pre-whitened here:

P=Tin—T; (2)
wherei =1,...,N -1, Py = 0. The discrete Fourier transform of P; is:

N-1

F(kn) = Y Pji1 exp(-2mi) 3)
j=0

where k, = (n/NAx), n =1, ..., N. k, is the vertical wavenumber, Ax is the vertical step length.
Unilateral power spectrum density (PSD) is:

(4)
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Then use the Hanning window to smooth the power spectrum:

Pri(kr) = P(ku) + 5P(n) + 3@k ) 5)

where ky < k;, < ky/2-1.The smoothed power spectrum needs to be recovered from the pre-whitening
process to compensate for the effects of the difference and cosine taper windows [22]:

Dy (kn)

CD()(kn) = 2(1 _Cos(ZTCknAx))

(6)

Considering the higher range of data coverage, the effect of sensor lag on the temperature spectrum
needs to be considered [14]. In particular, the high-wavenumber region of the temperature spectrum
attenuates too much in the region above the altitude of 20 km, which needs to be corrected. So the PSD
(P4 (ky)) obtained from the actual atmosphere is:

@4 (kn) = [14 (knw)?|@o (k) @)

where, w is the ascent rate of the temperature sensor carried by the balloon, and 7 is the response time
of the sensor. It is assumed that the ascent rate of the balloon is constant, w = 7 m/s, and the response
time of the temperature sensor is 3 s.

The saturated gravity wave model adopted here is [4,13]:

1 N
Frr, = 12 1057k, 8)
where g is the gravitational acceleration, N is the Brunt -vaisala frequency, and the vertical wavenumber
is k,; in cycles per meter.

For wind speed disturbance, the vertical wavenumber spectrum is calculated following the same
process. Since the wind speed is measured by Beidou positioning system, lag error correction is not
considered. In radiosonde, the wind velocity directly obtained only contains meridional and zonal
winds, so the horizontal wind velocity disturbance can be obtained by subtracting the fitted data
from the original data. For vertical winds, we consider the disturbance component of the balloon’s
ascent rate as a vertical wind velocity disturbance [23]. In the process of extracting the fluctuation of
vertical wind speed, in order to eliminate the error caused by turbulence and balloon oscillation [20],
the disturbance profile takes a 31-point sliding average (210 m) before the Fourier transform of the
vertical disturbance component.

3. Results and Discussion

3.1. Spectrum Analysis of Temperature Field

We take the sounding data of night 24 as an example to illustrate the specific analysis process.
Figure 2a shows the temperature and buoyancy frequency profile. Between 10.5-13 km, the buoyancy
frequency significantly increases. The average buoyancy frequency below 10 km is 0.0076 rad/s, while
the average buoyancy frequency above 14 km is 0.021 rad/s. Figure 2b shows the distribution of wind
speed component with height. It can be seen that the zonal component is significantly larger than the
meridional wind component, and there is an obvious jet zone near the tropopause. The wind speed
within the range of 20-30 km is significantly lower than other heights. Figure 2c is the normalized
temperature fluctuation profile, and it can be seen that there is a large disturbance in the temperature
profile between 11 km and 13 km, indicating that the convective instability in this region is strong
and not suitable for spectrum analysis. Figure 2d shows the normalized temperature fluctuation after
pre-whitening, which solves the problem of spectrum leakage. Meanwhile, the fluctuations become
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more centralized, so the vertical wavenumber spectrum extracted from pre-whitened data can get a
better effect.
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Figure 2. (a) An example of temperature (solid line) and buoyancy frequency (dashed line), (b)
horizontal wind speed component (solid line: zonal wind speed component; dashed line: meridional
wind velocity component), (c) normalized temperature disturbance component, and (d) pre-whitened
normalized temperature disturbance profiles (from left to right) observed on the night of September 21,
2019 during the balloon ascent.

The Fourier transform is applied to the pre-whitened data, and the characteristics of the
wavenumber spectrum are characterized by the slope and spectral amplitude. In the wavenumber
range of 9.97 x 107* 7.5 x 102 cycle/m, we obtained the slope by first-order linear fitting according to
the log-log power spectrum, where 7.5 X 1072 cycle/m corresponds to half the Nyquist wavenumber
(with a resolution of 7 m). In this wavenumber range, the aliasing effect can be ignored. When
calculating the corresponding amplitude of the power spectrum, in order to avoid the amplitude swing
caused by the change of the actual spectrum slope, the power spectrum density corresponding to the
“center of mass “wavenumber [22] is used as the spectrum amplitude:

1 i=k
log,okn = N—ZZ log,, ki 9)
i=j

Among them, k; and kj respectively correspond to the minimum wavenumber and the maximum
wavenumber of the fitting interval, and N represents the total number of points in the fitting interval.
The “center of mass” wavenumber k;,. can be written as:

kne = 10'°810%n (10)

Here we use three criteria to determine the feasibility of spectrum estimation in the selected
intervals: (1) The height ranges in which the Brunt-Vaisala frequency is approximately constant should
be used. (2) Since that the ascent velocity is ~7 m/s or larger and the horizontal wind speed is not
more than about 10 times the balloon ascent rate [24]. (3) A shear criterion (shear > 0.035 s71) is
employed to reject velocity estimates that are clearly not consistent with adjacent points in the spatial
series [9]. For the first two criteria, all the height ranges in the eight profiles are satisfied, and for the
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third criterion, only a small part between 20-26 km on 23 September during the day and a small part
between 32-38 km on 25 September during the day cannot meet the criterion. When calculating the
average wavenumber spectrum, we excluded the two intervals, and when discussing the changes in
spectral characteristics with height, we referred to the results after excluding the two intervals.

The “center of mass” wavenumber of the vertical wavenumber spectrum is 2.8 X 1072 cycle/m.
Figure 3 shows the temperature spectrum calculated at 20-23 km, 20-26 km, and 20-29 km on the
night of 24 September. The dash line represents the saturation spectrum predicted by Equation (8).
The dotted line represents the spectrum amplitude of optimal linear fitting. With the increase of
atmospheric thickness, the minimum wavenumbers that can be achieved decrease to 3.33 x 107*
cycle/m, 1.67 x 107* cycle/m and 1.11 x 10~ cycle/m, respectively. The corresponding spectrum
amplitude are 1.54 x 10~ (cycle/m)~!, 1.04 x 10~# (cycle/m)~" and 1.05 x 107> (cycle/m)~!, respectively.
We use m to represent the slope of the amplitude of the fitted spectrum. It can be seen that the slope of
the observed temperature spectrum is much lower than the “-3” theoretical spectrum, and the slope
has a weak downward shift as the atmospheric thickness increases. While the limited thickness of the
atmosphere will filter out the longer wavelength and may underestimate the energy and spectrum
density of the wave, this offset of slop is much small compared to the value of -3. In order to avoid
filtering out excessively long wavelengths in the lower atmospheric thickness, and at the same time,
there can be enough intervals to reflect the changes in spectrum characteristics with altitude, 6 km is
selected as the atmospheric thickness to extract the vertical wavenumber spectrum.

20-23km

) : m=-2.14

'20-26km_ .

Spectrum density(m/cycle)

107 107 10”!
Wave number(cycle/m)

Figure 3. Vertical wavenumber spectra of normalized temperature fluctuations observed at intervals of
20-26 km (top panel), 20-32 km (mid panel), and 20-38 km (bottom panel). The dashed line indicates
the saturated spectrum amplitude predicted by Equation (8); the dotted line indicates the spectrum
amplitude of the best linear fit, and the corresponding slope is marked on the graph.

The normalized vertical wavenumber spectrum of temperature fluctuations obtained from eight
sounding balloons is shown in Table 1. Each profile is divided into five segments, and the wavenumber
spectrum of a total of 40 segments with a thickness of 6 km is calculated. Table 1 shows the spectral
slop of fitted amplitude spectrum in the wavenumber range of 9.97 x 107* - 7.5 x 1072 cycle/m,
the corresponding spectrum amplitude and theoretical spectrum amplitude at the “center of mass”
wavenumber kyc = 2.8 X 1072 cycle/m. Since the buoyancy frequency in the stratosphere is obviously
larger than that in the troposphere, it is closely related to the predicted saturation spectrum. Therefore,
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it can be seen from Table 1 that the predicted saturation spectrum amplitude in the stratosphere is
much larger than that in the troposphere. In the troposphere, the fitted spectrum slope varies between
—1.82 and —2.23, while in the stratosphere, the maximum spectrum slope can reach —2.63, and the
minimum is only —1.46 (It should be noted that when discussing the magnitude of the slope, we
ignore the negative sign). The observed spectrum amplitudes in the troposphere varies between
5.17 x 1076 - 2.84 x 107° (cycle/m)~!, which is significantly higher than the corresponding predicted
saturation spectrum amplitudes, with an average value of 3 X 107° (cycle/m)~!. In the stratosphere,
the observed spectral amplitude is obviously larger than that in the troposphere. A general trend is
that the theoretical spectrum amplitude in the low wavenumber region is larger than the observed
spectrum, while the theoretical spectrum amplitude in the high wavenumber region is smaller than
the observed spectrum.

Table 1. Spectrum slope and amplitude of normalized temperature fluctuation.

Profile Slope/Amplitude /Corresponding Model Amplitude (10~# cycle/m)~1
2-8 km 14-20 km 20-26 km 26-32 km 32-38 km

21/night  -2.23/0.14/0.03  -2.63/1.48/2.01  -1.93/1.93/2.74  -2.28/0.55/2.74  -1.75/0.27/2.79
22/day -1.89/0.26/0.04  —-2.22/1.54/1.87  -2.24/2.21/2.75  -1.98/1.31/2.79  —-2.13/1.66/2.59
22/night  -2.22/0.15/0.03  -2.69/1.46/1.83  —2.25/1.46/2.82  -2.01/0.87/2.56  —1.85/0.75/2.58
23/day -2.05/0.28/0.02  -2.21/2.07/1.82  -2.02/1.90/2.90  -1.65/1.24/2.70  —1.82/1.36/2.47
24/night  —1.94/0.09/0.04  -2.44/1.69/1.99  -2.22/1.04/291  -2.24/0.82/2.49  -2.08/1.01/2.62
25/day -1.83/0.12/0.02  -2.21/1.47/1.93  -2.02/1.40/2.71  -2.03/1.32/2.56  —2.23/1.39/2.63
25/night  -1.86/0.05/0.03  -2.50/2.00/2.19  -2.28/2.00/2.52  -2.13/0.49/2.12  -1.46/0.47/2.58
26/day -1.62/0.11/0.02  -2.31/2.02/2.07  -1.90/2.23/2.57  -1.87/0.77/2.30  -1.92/1.19/2.31

Considering the differences in the slope and amplitude of the wavenumber spectrum at different
times, we calculate the average spectrum Fgy,¢ according to the following formula:

log Freg (k) = -3 log Fi(k) (11)

where M is the total number of profiles, i = 1,...,M. The vertical wavenumber spectrum of the
normalized temperature fluctuation after averaging is shown in Figure 4. The averaged spectrum
is smoother and the fluctuation is smaller in the large wavenumber region, so the fitted amplitude
spectrum is more suitable. It can be seen from Figure 4 that the slope of the observed spectrum in the
troposphere (2-8 km) is —2.43. As the height increases, the slope of the observed spectrum increases
first and then decreases. The maximum value of the spectrum slope is —2.61 between 20-26 km, and
the minimum is —2.41 between 32-38 km. Nastrom et al. [15] found that the average spectrum slope
in the troposphere and stratosphere is —2.6 and -3 respectively. Our results (troposphere and lower
stratosphere) are close to them but slightly lower than their calculated values. In the fitting interval,
the entire observed spectrum is above the predicted saturation spectrum amplitude. The observed
spectrum amplitude is 2.1 X 107> (cycle/m)~!, and the predicted saturation spectrum amplitude is 2.96
x 107° (cycle/m)‘l, the ratio of the two is 7. In the four height ranges of 14-20 km, 20-26 km, 26-32 km
and 32-38 km, the rations are 1.35, 0.90, 0.72, and 0.74, respectively. This result indicates that the
obtained tropospheric spectrum amplitude is inconsistent with Smith et al. [4]. The observed spectrum
amplitude is six times larger than the model spectral amplitude. However, in the stratosphere, we
find that the amplitude ratio of the observed spectrum to the saturation spectrum decreases gradually
with the increase of altitude, but both are around 1. This shows that the observed spectral amplitude
in the stratosphere can be in good agreement with the saturation spectrum model of Smith et al.
It should be noted that the spectrum amplitude is significantly reduced at the lowest wavenumber,
which is due to the filtering effect of removing the linear background; while the enhancement of the
spectrum amplitude at high wavenumbers is caused by the aliasing effect of noise and spectrum.
Additionally, it should be noted that the theoretical models of internal wave spectra [6] predict the
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onset of wave-induced shear and convective instabilities at high vertical wave numbers. The possible
transition in the slope caused by the turbulence spectrum will also result in the deviation from “-3”
theoretical spectrum, especially at m >10~2 cycle/m (corresponding to turbulence with vertical scales
less than 100 m). And as a comparison, we fit the spectrum between 9.97 x 107 — 1 x 1072 cycle/m and
get the spectral slopes at the height ranges of 2-8 km, 14-20 km, 20-26 km, 26-32 km, and 32-38 km are
—2.98, -2.69, —2.47, —2.40, and —2.24, respectively. In this case we obtain the spectral slope excluding
the effect of the turbulence spectrum.

14-20km

107 107 107 107

"

PSD (mzs")/(cyclc/m)

107 m=-2.18

10° 107 10"
Wave number(cycle/m)

Figure 4. Mean vertical wavenumbers spectrum of normalized temperature fluctuation observed at
intervals of 2-8 km, 14-20 km, 20-26 km, 26-32 km and 32-38 km. The dash line represents the saturated
spectrum amplitude predicted by Equation (8), the dotted line represents the spectrum amplitude of
the best linear fit, and the corresponding slope m is marked on the graph.

3.2. Spectrum Analysis of 3D Wind Field

We adopt the method used in Section 2 to perform a spectrum analysis on the wind field detected
by the balloon. Figure 5 shows the original profile and extracted wind field fluctuations at night on
24 September. The dashed lines represent the original data. From the vertical distribution of the
horizontal wind field, it can be seen that there is an area of jet stream around 15 km, and the wind speed
exceeds 23 m/s. From 1.5 km to 15 km, the wind speed continued to increase. From 15 km to 20 km,
the wind speed decreased rapidly. From 20 km to 28 km, the wind speed remained at a relatively low
level. Above 28 km, the wind speed increased again. When extracting the vertical wind fluctuation,
the same method as the horizontal wind is applied. The difference is that a moving average of 210 m
window area is used for the vertical wind fluctuation to eliminate the deviation caused by turbulence
and the pendulum motion of the balloon during the ascent. The ascent rate in the lower troposphere
is about 5 m/s. As the height increases, the ascent rate generally increases, and it will exceed 10 m/s
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above 35 km. Due to the pendulum effect and the self-inductive movement of the balloon, the vertical
ascent rate is not as stable as the variation of the horizontal wind speed.

40 T T T T 40 T T T T T

20t

Altitude(km)
Altitude(km)
Altitude(km)

0 1 1 1 1 1
S50 5 10 15

U(m/s) V(m/s) AR(m/s)

Figure 5. Original profile and extracted fluctuations of the wind speed component at night on 24
September. From left to right: zonal wind, meridional wind, and ascent rate profiles. The dashed lines
represent the original horizontal wind field and ascent rate, the smooth curve represents the extracted
background components, and the fluctuation curve near zero represents the extracted wind speed
fluctuation (The vertical wind fluctuation curve takes a 31-point moving average.).

For three-dimensional wind fluctuations, the average vertical wavenumber spectrum is calculated
according to Equation 11. For the meridional and zonal wind fluctuations, the amplitude spectrum
is still fitted in the wavenumber range of 9.97 x 1074 - 7.5 x1072 cycle/ m, and the “center of mass”
wavenumber ky: = 2.8 x 1072 cycle/m. For vertical wind fluctuations, when smoothing and filtering are
performed to eliminate the effects of noise and turbulence, the difference of smooth points has great
influence on the spectrum structure at large wavenumbers. In order to obtain a more accurate spectrum
slope, the wavenumber range for linear fitting is 9.97 X 10~* — 4.8 x 1073 cycle/m, 4.8 X 1073 cycle/m
corresponds to a vertical scale of 210 m, which is also a smooth window for vertical wind fluctuations.
The corresponding “center of mass” wavenumber is 1.9 X 1072 cycle/m. The calculated results of the
average vertical wavenumber spectrum for zonal, meridional, and vertical wind fluctuations at each
height interval are shown in Figure 6. The power spectrum density corresponding to the “center of
mass” wavenumber is defined as the spectrum amplitude of the entire vertical wavenumber spectrum.
The calculation results of the spectrum slope and spectrum amplitude corresponding to the normalized
temperature field and three-dimensional wind field fluctuations at 2-8 km, 14-20 km, 20-26 km, 26-32
km, 32-38 km are shown in Table 2, here the fitting interval of normalized temperature spectrum is
997 x1074-1x1072 cycle/m, and the “center of mass” wavenumber is 4.7 X 1073 cycle/m, excluding
the interference of the turbulence spectrum.
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Figure 6. Average vertical wavenumber spectrum of zonal wind (left panel), meridional wind
(middle panel), vertical wind (right panel), the dashed line represents the linear fitting result, and the
corresponding slope m is marked on the figure.

Table 2. Spectrum slope and amplitude of normalized temperature fluctuation.

Mean Slope/Mean Amplitude (F: 1074 (cycle/m)_l; Fyy, Fy, Fag: (cycle/m)_l)

Profile 2-8 km 14-20 km 20-26 km 26-32 km 32-38 km
Fr- —2.98/0.05 -2.69/0.62 —2.47/0.69 —2.40/0.48 —2.24/0.46
Fu -3.22/39.78 —3.04/86.09 —2.97/252.24 -2.72/110.67 —2.47/96.57
Fy —3.21/59.66 —2.98/93.59 -2.99/271.57 —2.79/155.07 -2.56/125.27
Far -0.91/17.44 -0.01/873.37 —0.10/3154.0 -0.35/1673.5 —0.26/2748.0

In general, the characteristics of vertical wavenumber spectrum for zonal and meridional wind
fluctuations are very consistent, and the slope in each height range is almost the same. In the
troposphere, the spectrum slopes of zonal and meridional wind fluctuations are deeper than the slope
of “~3” of the saturation spectrum, but we find that the curve of the observed power spectrum has
obvious fluctuations, and the power spectrum is deeper in the high and low wavenumber regions,
while it is shallower in the middle wavenumber regions. There is an obvious “spectrum gap” between
2.2 x 1073 cycle/m - 7.2 x 1072 cycle/m, and an obvious “spectrum peak” between 1.0 x 1072 cycle/m —
2.2 x 1072 cycle/m. This phenomenon occurs in the interval of 2-8 km in each balloon sounding profile,
and the wavenumber interval corresponding to “spectrum gap” and “spectrum peak” is basically
unchanged. This indicates that the spectrum structure of the horizontal wind field in the troposphere
may be affected by other geophysical processes besides gravity waves. This indicates that the vertical
wavenumber spectrum of the horizontal wind fluctuations is complex, and it is at least controlled
by the non-gravity wave process whose saturation process is not yet clear. In the middle and lower
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stratosphere (14-26 km), the spectrum slopes of the zonal and meridional winds are well in line with
the “-3” slopes of the saturation spectrum, then the spectrum slope decreases with the increases of
altitude. As for spectrum amplitude, zonal and meridional wind fluctuations are basically in the
same order within the same height range, although the spectrum amplitude of the meridional wind is
slightly larger than that of the zonal wind. In the troposphere, the mean spectrum amplitudes of zonal
and meridional wind disturbances are 3.97 x 10~ (cycle/m)~! and 5.96 x 1073 (cycle/m)!, respectively,
which are significantly lower than those in the stratosphere. In the stratosphere, as height increases,
the spectrum amplitudes increase first and then decrease, reaching the maximum at 20-26 km, which
are 2.53 x 1072 (cyc:le/m)_1 and 2.73 x 1072 (Cycle/m)_l, respectively. From the above discussion, it can
be seen that the spectrum amplitude and spectrum slope of zonal wind fluctuations are very close to
that of meridional wind, indicating the universality of vertical wavenumber spectrum of horizontal
wind field and the isotropy of horizontal wind fluctuation.

For the normalized temperature spectrum, after excluding the slope transition caused by the
turbulence spectrum, we found that the trend of spectral slope and spectral amplitude with height is
consistent with the horizontal wind field. When the slope transition of the turbulence spectrum is
considered, the most obvious decrease in the spectral slope is at the height interval of 2-8 km, which
decreases from —2.98 to —2.21, while the changes in other height intervals are not obvious. The above
phenomenon shows that the turbulence activity is significantly stronger in the troposphere than that in
the stratosphere.

The spectrum characteristics of vertical wind fluctuation are obviously different from the horizontal
wind field, and it has a significantly shallower spectrum structure, showing a much smaller spectrum
slope than the horizontal wind field. The largest spectrum slope is —0.91 in the troposphere, and
the corresponding spectrum amplitude is 17.44 (cycle/m)~!. As the height continues to increase, the
spectrum slope decreases. The spectrum amplitude in the stratosphere is much smaller than that in the
troposphere. For a single profile, in the troposphere, the spectrum slope changes from —-0.27 to —1.48, in
the stratosphere, the spectrum slope significantly decreases, and can even be positive. Considering
that the daily variation of the wavenumber spectrum for the vertical wind fluctuation is significantly
larger, and especially in the low stratosphere, it is reasonable to obtain such a small slope. The above
spectrum slope results from vertical wind fluctuation are basically consistent with [19,20], and the
results are significantly larger than [9,25,26]. What needs to be explained here is that the height we
compare with their research is limited to the troposphere and lower stratosphere, and the spectrum
slope and spectrum amplitude obtained from radiosonde data at higher altitudes have almost no
reference. Regardless of the vertical distribution of spectrum slope, spectrum amplitude, or the overall
structure of the frequency spectrum, the vertical wavenumber spectrum of vertical wind disturbance
is significantly different from the horizontal wind field, which indicates that the vertical wind field
obviously follows a different spectrum law, which cannot be explained by the current “universal
spectrum” theory.

Due to the low frequency of the horizontal wind field [2,27], if gravity waves in the troposphere
propagate upwards, when low-frequency horizontal wind waves pass through jet stream, they are
easier to be absorbed by the “critical layer” caused by the jet stream near the tropopause. However,
it can be seen from the results of this paper that the amplitude of the horizontal wind field in the
troposphere (2-8 km) is significantly smaller than that in the lower stratosphere (14-20 km), indicating
that the gravity waves in the stratosphere that cause large horizontal wind field disturbance are not
just from the troposphere. Therefore, we speculate that there are at least two sources of gravity wave
activity during September 21-26.

In order to explain the variation of the amplitude and slope of the vertical wavenumber spectrum
with height, we explore the effect of the background wind field on the wavenumber spectrum according
to the “wind shifting” theory proposed by Echermann [12]. Since the change of the background zonal
wind will simultaneously produce the system change of speed variance and wavenumber, they will
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affect the shape of the vertical wavenumber power spectrum. The effect is represented by the sign

parameter as follows:
4T

dz
Ch—u

B = sgn (12)

U is the background wind field, and ¢, is the horizontal phase velocity relative to the ground.
Given the vertical profile of the background wind field and horizontal phase velocity, f can be obtained.
When f = —1, the refraction effect caused by “shifting” of the background wind field will increase the
intrinsic frequency, resulting in a reduction in the wavenumber, and the variance of the zonal wind
speed decreases with height. The “downshifting” effect of the wavenumber spectrum in the large
wavenumber region will be generated, resulting in a deeper spectrum slope. On the contrary, when
= +1, vertical wavenumber spectrum in large wavenumber region will produce an “upshifting” effect,
the spectrum slope decreases, and the zonal wind speed oscillation increases with altitude. The specific
effect can refer to Figure 3 in [12].

Figure 7 shows the mean zonal winds observed over Hami from 21 September to 26 September.
Using the mean zonal wind as the background wind field U, and the dashed arrows represent the
gravity waves propagating upward. The triangle arrow represents the gravity wave with ¢ > U and
the V shape arrow represents the gravity wave with ¢, < U. The five height ranges used to calculate
the wavenumber spectrum are represented by shaded regions. The Hami area is dominated by hilly
terrain and affected by the Tianshan Mountains, so mountain wave activities are very active. Regarding
the ground as a wave source, the phase velocity of the topographic wave is close to 0. According to
“wind shifting” theory, in the troposphere (2-8 km), § = —1, the change of the average zonal wind
speed will produce a “downshifting” wavenumber spectrum and lead to a deeper slope. For the
gravity wave with ¢, > U, when ¢, <18 m/s, considering there is a jet stream near 15 km, when the
mountain waves propagating upward from the troposphere encounters this “critical layer”, it cannot
enter the stratosphere, which means mountain waves will primarily deposit the wave momentum
in the troposphere and affect the tropospheric circulation rather than the general circulation in the
middle atmosphere [28,29]. Combined with the background wind field, by comparing the observed
spectrum slope of zonal wind with the “~3” theoretical spectrum, the source characteristics of gravity
waves can be explored. In the 2-8 km interval, the zonal wind spectrum slope is larger than -3, so
the “downshifting” of the wavenumber spectrum is generated with = —1, indicating that the gravity
waves with ¢, < U in the troposphere are mainly affected by mountain waves. At a height range
of 14-26 km, the observed spectrum slope meets the “~3" theoretical spectrum. For the mountain
wave, after entering the stratosphere, since ¢, — U < 0 and U decreases with altitude, so f = +1, the
mountain wave will cause the “upshifting” of the wavenumber spectrum and the spectrum slope
will decrease. Considering that the observed spectrum slope is basically equal to “-3”, it is assumed
that a stratospheric gravity wave will be generated near the jet stream, and the “downshifting” of
the wavenumber spectrum will be generated to offset the effect of the topographic wave. It can be
seen from Figure 7 that, for the gravity wave propagating upward generated above jet stream area, f3
= -1 and U decreases with altitude, resulting in a decrease in the observed spectrum slope, which is
consistent with the above hypothesis. For the height range of 26-32 km, the observed spectrum slope
is smaller than “-3” and the wavenumber spectrum is “upshifting”. This can be explained that the
horizontal phase velocity of gravity wave near 27 km is near 0, and the gravity wave is removed after
encountering this “critical layer”. Only the gravity wave existing in the 27-32 km interval produces an
“upshifting”. For the height range of 32-38 km, the whole range satisfies § = +1, so it has a smaller
spectrum slope.
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Figure 7. The mean zonal wind (solid line) observed from 21 September to 26 September over Hami.
Dotted arrows represent gravity waves propagating upwards. The triangle arrow represents the waves
for which ¢;, > Ujyean, and the V-shaped arrow represents the waves for which ¢;, > Ujean.

3.3. Ratio of Spectrum Kinetic Energy to Potential Energy

We use R to represent the ratio of spectrum kinetic energy to spectrum potential energy, which

can be written as: 5
B N Fu+v(m)

Rim) = §2Fr-(m)

Fr-(m) and Fy(m) are the vertical wavenumber spectrum of normalized temperature and the
total horizontal wind field respectively, where Fy.(m) = Fy(m) + F,(m), N, g, and m are the buoyancy
frequency, the acceleration of gravity, and the vertical wavenumber. When R is a constant, which
means that Fr«(m) and Fy4,(m) have a good correlation. To further discuss the distribution of R, we
refer to the gravity spectrum mode proposed by [30]. The premise of this mode is w/N < 1, where
w is intrinsic frequency. This model assumes that the gravity wave spectrum is separable in w and
m, and it follows a linear polarization relationship. Figure 8 (on the left) shows the actual R value of
the observed spectrum after averaging as a function of wavenumber m. From the top to the bottom,
it shows the height interval of 2-8 km, 14-20 km, 20-26 km, 26-32 km, and 32-38 km respectively.
In order to highlight the variation characteristics of wavenumber, here the ordinate is log R and the
abscissa is log m. It can be seen that the distribution of R in the low wavenumber region is relatively
sparse and has large fluctuations, which indicates that Fr-(m) and Fy,(m) does not have a good
correlation in the low wavenumber region and does not meet the linear polarization relationship of
the “theoretical spectrum” described above. Only when the wavenumber is greater than a certain
value, R shows a more concentrated distribution. The distribution of R in the stratosphere is more
stable and has smaller fluctuations near a constant value in the high wavenumber region than in the
troposphere. It is shown that the observed spectra of Fr«(m) and Fy.(m) only show correlation when
the wavenumber is greater than a certain value. In order to exclude the influence of the pendulum-like
self-induced motions on the balloon-gondola response in the low wavenumber region during the
ascent of the balloon, here refer to the processing method of Torre [31], we take the interval on the right

(13)



Atmosphere 2020, 11, 133 14 of 17

of my, = h™! as the region where R is approximately constant, and & = 33 m, representing the distance
from the balloon to the gondola. The dotted line in the figures of left panel represent log m;, = —1.52.
The data points that located on the right of 1, is 249. Auto-correlation analysis is performed on Fr- and
Fy+v, and the maximum lag order with auto-correlation are both 5. In order to reduce the dispersion of
R and avoid the interference of turbulence and noise, we take a five-point average of the R value on
the right of m;, (the last four consecutive points are averaged), and the results are shown on the right
panel of Figure 8. The dashed line is the average value R of all the R values in the region. R values
in height ranges of 2-8 km, 14-20 km, 20-26 km, 26-32 km, and 32-38 km are 0.2 (logﬁ =-0.68),1.4
(logﬁ =0.15),3.1 (10g§ =0.49),3.2 (logﬁ =0.51),and 3.7 (10g§ = 0.56) respectively. It can be seen that
although the values at high wavenumbers satisfy the polarization relationship, the observed spectrum
at different heights has different values of R.
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Figure 8. Distribution of R with wavenumber (left panel), averaged R value after filtering out noise
and turbulence in the interval to the right of m (right panel). From top to bottom are height ranges of
2-8 km, 14-20 km, 20-26 km, 26-32 km, and 32-38 km.
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4. Results and Discussion

By analyzing the data from eight near space balloons released in Hami from 21 September to 26
September in 2019, we obtained the vertical wavenumber spectrum characteristics of the normalized
temperature and three-dimensional wind fluctuations in the troposphere and the middle-lower
stratosphere. Different from conventional sounding data, this is the first analysis of the spectrum
characteristics in northwestern China based on near space high-resolution balloon, and the observed
spectrum results can reach the middle stratosphere. Higher resolution allows us to analyze the
spectrum structure at higher wavenumbers. Temperature field data is from GTS3 digital radiosonde
and the wind field data is from Beidou positioning system. The fluctuation of vertical wind field is
calculated from the ascent rate. Interestingly, exacting profiles of gravity waves may also be helpful to
the problem of earthquake forecast [32], which also provides new ideas for future research on gravity
spectrum information, and the use of radiosonde data for the spectral analysis of gravity waves to
a higher altitude will help to improve the understanding of the characteristics of the atmospheric
temperature and dynamic structure in the near space [33].

For the vertical wavenumber spectrum of normalized temperature fluctuations, the spectrum
slope is significantly lower than the “-3” slope of the theoretical spectrum over the entire detection
height. In the lower stratosphere, the spectrum slope reached maximum, and then decreases with
altitude. As the thickness of the atmosphere increases, the spectral slope has a weak downward shift.
The limited thickness will filter out longer wavelengths, which may underestimate the energy and
spectrum density of the wave. However, this change is much small compared to the value of -3. For
three-dimensional wind field fluctuations, the vertical wavenumber spectra of the meridional wind
and the zonal wind are relatively consistent, indicating that the horizontal wind speed fluctuation is
isotropic. With the increase of the height, the spectrum slope of the horizontal wind field has been
decreasing. The observed spectrum slope is in good agreement with the theoretical spectrum in the
interval of 20-32 km. The vertical wind fluctuations have a spectrum structure that is significantly
different from the horizontal wind fluctuations. The slope is much lower than the horizontal wind
field. The largest spectrum slope occurs in the troposphere, and the smallest spectrum slope is
only —0.01 at 2026 km. Then the spectrum slope begins to increase. The spectrum amplitude of
normalized temperature fluctuations and the three-dimensional wind fluctuations in the stratosphere
are significantly larger than those in the troposphere. This shows that observed spectrums do not meet
the theoretical spectrum model well. In particular, the vertical wavenumber spectrum of the wind
field fluctuations has completely different structural characteristics, indicating that it follows different
spectral law which cannot be explained by the current “universal spectrum” theory. Considering the
possible existence of turbulent activity in high wavenumber region (vertical scale less than 100 m),
the deviation of spectral slope in the region of high wavenumber can be clearly seen in the vertical
wavenumber spectrum of normalized temperature fluctuations, while the effect on the horizontal wind
field is not obvious since this article only discusses turbulence in the vertical direction.

Considering the existence of the “critical layer” produced by the jet stream, the horizontal wind
fluctuations with relatively low frequency will pass through the critical layer, which will significantly
reduce the spectral amplitude, while the vertical wind disturbance with relatively high frequency will
not be easily absorbed by the “critical layer” near the tropopause [2,27]. However, we obtained higher
spectral amplitudes of the horizontal wind field in the stratosphere, so it is speculated that in addition
to the wave source generated by mountain waves in the lower troposphere due to terrain, there is also
at least a second wave source in the stratosphere. At the same time, the observed spectral slopes of the
horizontal wind field in all height ranges are consistent with those predicted by the “wind shifting”
model, which also verifies the existence of stratospheric wave sources. By calculating R, the ratio of the
spectral kinetic energy to potential energy, we find that R has an approximately constant value between
-1.5 < logm < —1.1, the result in this paper suggests the separability of the w and m is reasonable
for relatively high-wavenumber region, but less well justified at lower wavenumber, which means in
the region with low wavenumber other nonlinear models of “theoretical spectrum” is more suitable.
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Moreover, the observed spectrum results show that the R values in the region with high wavenumber
are variable at different height intervals, and the R values increase with height.

It can be seen from the results that the observed spectral cannot match the predicted spectrum
model well, and the observation results at different heights are also different. The slope predicted by
the theoretical spectral model is closer to the observed spectrum in the lower stratosphere, but there
are systematic differences in the troposphere and middle stratosphere. There are two unstable zones
where the waves can be excited [34] (below 20 km and higher 40 km, in reality such altitude ranges
can be changed), perhaps the effects of wave excitation can result in the violation of the “universal
spectrum” theory in the corresponding height range. But further exploration is needed, which is also
our next step. Since saturation spectrum model is widely used in the global model of gravity wave
parameterization, the difference between the observation results and the theoretical spectrum also
shows that the spectral characteristics in the atmosphere cannot be explained well with the existing
spectral theory. More work is needed to be done on observation data with high spatio-temporal
resolution and large spatio-temporal coverage to improve and correct the existing spectral theory.
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