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ABSTRACT: The results of airborne measurements and statistical characteristics of mesoscale fluctuations of wind veloc-
ity, temperature, and concentrations of gas constituents at different heights of a stably stratified troposphere are presented.
The measurements were carried out in September 2022 in the Arctic region of Russia with the aircraft laboratory Tu-134
“Optik.” The obtained spectra and structure functions of the fluctuations are interpreted with the theoretical model of
formation of the spectrum of mesoscale wind velocity and temperature fluctuations described in the paper. The presence at
high wavenumbers of a steep section in the obtained horizontal wavenumber spectra of the fluctuations of wind velocity
and greenhouse gas concentration with a slope close to —3 is discussed. The fluctuation spectra along different slanted
tracks of the aircraft crossing the tropospheric layer between altitudes of 1 and 9 km are also obtained and analyzed with

the theoretical model.
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1. Introduction

The studies of the aircraft measured fluctuations of meteoro-
logical parameters (wind velocity components, temperature,
pressure, humidity) and concentrations of gas components in
the troposphere and lower stratosphere, carried out during the
last few decades, significantly contributed to our understanding
of the statistical characteristics of these fluctuations (variances,
spectra, structure functions) in a wide range of their horizontal
scales (Lilly and Lester 1974; Vinnichenko et al. 1980; Nastrom
and Gage 1985; Bacmeister et al. 1996; Cho et al. 1999; Hertzog
et al. 2002; Gurvich and Kukharets 2008; Waite and Snyder
2014; Callies et al. 2014, 2016; Lindborg 2015; Zhang et al.
2015; Craig and Selz 2018; Schumann 2019; Stephens et al.
2021; Dornbrack et al. 2022; Imazio et al. 2023). These meas-
urements revealed the presence in the atmosphere of both the
internal gravity waves (IGWs) with nonzero horizontal diver-
gence and horizontal vortical motions with the zero horizontal
divergence (Callies et al. 2014, 2016; Lindborg 2015; Schumann
2019). The explanation of the mechanism of formation of the
energy spectrum of the atmospheric fluctuations induced by
IGWs and vortical motions, and parameterization of their sta-
tistical characteristics, are necessary for modeling the processes
of pollution transport and long-range propagation of sound
and light in the atmosphere.

The question on the relative contributions of IGWs and
horizontal vortical motions to the formation of the horizontal
wavenumber spectrum of mesoscale wind velocity and tem-
perature fluctuations in the upper troposphere and lower
stratosphere is still debated (Waite and Snyder 2014; Callies
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et al. 2014; Skamarock et al. 2014; Lindborg 2015). The com-
bination of airborne measurement methods and modeling of
wind and temperature field variations using a high-resolution
numerical weather forecast model allowed Dornbrack et al.
(2022) to detect and analyze the case of internal gravity wave
generation by a propagating Rossby wave train.

The mechanism of formation in a stably stratified atmosphere
of the —5/3 spectrum in the range of horizontal scales from
about 500 km to several kilometers has been discussed since the
end of the last century (Gisina 1969; Lilly and Lester 1974;
Gage 1979; Dewan and Good 1986; Dewan 1997; Lindborg
1999; Cho et al. 1999) and up to the present (Golitsyn 2012;
Waite and Snyder 2014; Callies et al. 2014; Lindborg 2015;
Skamarock et al. 2014; Zagar et al. 2017; Poblet et al. 2022). In
this scale range the spectrum obtained from the aircraft meas-
urements by Nastrom and Gage (1985) decreases with increas-
ing horizontal wavenumber according to the —5/3 law.

Analyzing the spectral balance equations of turbulence en-
ergy in a thermally stratified medium, Gisina (1969) showed
that in a stably stratified atmosphere there may be a “—5/3
law” in the region of wavenumbers, which are significantly
affected by buoyancy. However, this law differs significantly
from the Kolmogorov—Obukhov law because the spectral
characteristics do not depend on the mean turbulence energy
dissipation rate. In the wavenumber region under consider-
ation, the generation by the average wind shear of the energy
of turbulence is compensated by the work of turbulence
against buoyancy forces (energy dissipation and energy trans-
fer along the spectrum in this region can be neglected). Later,
two opposing hypotheses were suggested to explain the mech-
anism of formation of the k> horizontal wavenumber spec-
trum. It has been suggested that such a spectrum can result
either from an inverse energy cascade from small horizontal
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scales to larger scales, similar to that observed in two-dimen-
sional turbulence (Gage 1979), or from a direct cascade en-
ergy transfer from large-scale internal waves to small-scale
wave disturbances (Dewan and Good 1986; Dewan 1997).

Lindborg (2006) also suggested the existence of a down-
scale turbulence energy cascade in the mesoscale range, aris-
ing in the presence of strong stable stratification of the
medium, i.e., in the limit of small horizontal Froude number
F, = e'®/(NE?), where ¢ is the mean energy dissipation rate
of mesoscale motions, [, is their horizontal scale, and N is
the Brunt-Viisild frequency. In the presence of strong stable
stratification the 2D vertically oriented vortices with a hori-
zontal length scale /, will divide into layers with a vertical
length scale /, ~ Fyl;,. These layers divide into thinner layers,
which, in turn, divide into even thinner layers, and so on.
From similarity and dimensionality theory the following ex-
pressions were obtained for the spectra of kinetic and poten-
tial energies of mesoscale motions: E,(k )= Cpe’k, >,
Ep(k) = Cpeg'Pepk, 33, where ex is the mean dissipation
rate of kinetic energy, ¢p is the mean dissipation rate of po-
tential energy, and Cp and Ck are the numerical constants of
order 0.5, as followed from numerical simulations of the thin-
layer formation process.

It should be noted that before the work of Lindborg (2006),
the process of thin layers emergence in the stably stratified
medium was predicted in the works of Chunchuzov (1996,
2002). In these and subsequent works (Chunchuzov 2009,
2018) it was shown that nonlinear nonresonant interactions of
internal waves generated by their random sources (wind shear
instability, meteorological fronts, solar terminator, convec-
tion, orography, jet streams) at some vertical and horizontal
scales transfer wave energy toward shorter vertical scales
and, simultaneously, longer horizontal scales. Due to such an
energy transfer the layered inhomogeneities of temperature
and wind velocity are formed with strongly anisotropic 3D
spectrum in the region of high vertical wavenumbers. This
spectrum is independent of random spectrum of the wave
sources themselves specified in the Lagrangian variables. At
the same time, the corresponding 1D (horizontal and vertical)
wavenumber spectra decay with increasing wavenumbers ac-
cording to the —3 power law at certain scale ranges.

It is important to note that earlier studies of the horizontal
wavenumber spectra of wind velocity and temperature fluctu-
ations obtained from aircraft measurements under stable
stratification of the troposphere and lower stratosphere (Shur
1962; Myrup 1969; Lilly and Lester 1974; Vinnichenko et al.
1980; Bacmeister et al. 1996) pointed to the presence of a
transition from the —5/3 (or —2) law to a steeper spectrum in
the range of scales from about 6 km to 300 m. Above the
mountainous terrain, the transition mentioned above occurred
in the stratosphere and the upper troposphere at longer hori-
zontal scales of 15-23 km (Nastrom et al. 1987). It is the pres-
ence of such a steep horizontal wavenumber spectrum of
mesoscale fluctuations that was not taken into account in the
most of modern models of its formation, but was predicted in
the earlier studies mentioned above and theoretical model de-
veloped in Chunchuzov et al. (2018).
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A distinctive feature of the early aircraft measurements of
wind velocity and temperature fluctuations at different alti-
tudes of the troposphere and lower stratosphere was the study
of the influence of temperature stratification (neutral, convec-
tively unstable, and stable) on the forms and slopes of spectra
in different horizontal scale ranges (Myrup 1969; Vinnichenko
et al. 1980). These measurements were accompanied by fre-
quent radiosonde and balloon measurements of the tempera-
ture and wind vertical profiles in order to follow the changes
in the slopes of individual horizontal spectra of wind velocity
and temperature fluctuations caused by changes in the stratifi-
cation of the troposphere. In Fig. 1 of Myrup (1969) the tem-
perature profiles for different time periods were shown for
different time periods of the flight. In Vinnichenko et al.
(1980) the radiosonde data were also used to analyze thermal
stratification at different altitudes of the flight segments, but
temperature profiles were not shown

Under the neutral stratification of the lower troposphere
the measurements of the horizontal wind velocity fluctuations
along the aircraft route at an altitude of 3 km resulted in indi-
vidual fluctuation spectra with a slope close to —5/3 in the
range of horizontal scales from 20 km to 400 m (see Fig. 4.5a
in Vinnichenko et al. 1980). Above an altitude of 6 km the
thermal stratification of the troposphere was stable, and an in-
crease in the slopes of individual spectra at 9-km height in the
range of scales from about 6 km to 400 m was observed, com-
pared to the slope of the —5/3 spectrum at larger scales
(greater than 6 km), and to the slope of —5/3 Kolmogorov—
Obukhov spectrum at shorter scales, below 400 m (see
Fig. 4.5d in Vinnichenko et al. 1980).

The dependence of the spectral forms on the thermal strati-
fication of the lower troposphere was also clearly manifested
in the Myrup (1969) experiment, where the horizontal and
vertical wind velocity fluctuations were measured over a dried
lake in the desert of Northern California (United States). In
the early morning hours (about 0600 LT), a stable stratifica-
tion was observed in the lower troposphere with a strong in-
version over the dried lake to a height of about 600 m. After
sunrise an intense convection changed the stratification of the
lower troposphere from stable to neutral one. The energy
spectra of the horizontal wind velocity fluctuations measured
at 0655 local time at a height of 300 m, and at 0910 LT,
showed that under stable stratification in the early morning
the slope of spectral curve was close to —3, whereas under
neutral stratification the slope was practically coincided with a
—5/3 slope. As to the spectra of the vertical wind velocity
component, measured at around 0700 and 0850 LT the slope
in the frequency range < 1 Hz (the horizontal scales more
than 69 m for the airborne mean speed of 69 m s~ ! at a height
of 300 m) was between —3 and —11/5 under stable stratifica-
tion, and was close to —5/3 under neutral stratification (Myrup
1969). According to radiosonde data the rearrangement of the
tropospheric stratification from stable to neutral one at flight
level occurred between 0800 and 0830 LT.

It is due to the control of stratification of the troposphere in
the experiments of Myrup (1969) and Vinnichenko et al.
(1980) that the transition from a —5/3 spectrum at neutral
stratification to a steeper one (with slopes from —2.5 to —3 at
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horizontal scales from 6 km to 400 m) under stable stratifica-
tion of the troposphere was found.

Cho et al. (1999), discussing the presence of a transition in
the spectra obtained by Bacmeister et al. (1996) on some scale
of about 3 km to a steeper spectrum, noted “our full spectral
results for horizontal velocity and potential temperature,
which covered a range of about 0.5-100 km, did not display
such break points, even at altitudes above 11 km.” Neverthe-
less, Cho et al. note, referring to the results of airplane meas-
urements by Nastrom et al. (1987) in the mountainous region,
that a subset of GASP spectra did have such a break point (at
wave lengths of ~15 km in the stratosphere and ~23 km in
the troposphere), over mountainous terrain in high wind con-
ditions. They conclude, “If a departure from a —5/3 slope was
due to extra energy injected by orographically generated
gravity waves, then the lack of a break point in our spectra is
consistent with the fact that the PEM flights were conducted
over the ocean...” This conclusion of Cho et al. (1999) con-
firms the connection noted above between the presence of the
transition to the steep spectrum and the stable stratification of
the troposphere under which orographic gravity waves can
propagate.

In more recent experiments the airborne measurements
have been performed on long traces with a large number of
segments (Callies et al. 2014, 2016; Skamarock et al. 2014;
Lindborg 2015; Li and Lindborg 2018). In these works, the
data on stratification and stability of tropospheric layers
through which the flights passed were not given, so we as-
sumed that long segments of 1000 km or more passed through
regions of the troposphere with different stratification, includ-
ing areas of small-scale turbulence with neutral stratification,
and areas with stable stratification. The averaging spectra
with different slopes (from —5/3 to —3) over a large number
of segments should result in an average spectrum with some
intermediate slope lying between —5/3 and —3. In the recent
experiments mentioned above the horizontal spectra obtained
were close to —5/3, whereas in the earlier experiments of
Myrup (1969), Vinnichenko et al. (1980), Bacmeister et al.
(1996), and in our measurements in the Arctic region (see be-
low) with mostly stable stratification in the troposphere the
slopes of the spectra were between —2.5 and —3 at short
scales, between 400 m and 6 km.

By applying a wave-vortex decomposition method to two
datasets collected aboard commercial and research aircrafts
Callies et al. (2016) showed that the relative magnitudes of
mesoscale fluctuations of along-track velocity, across-track
velocity, and buoyancy with the horizontal scales from 100 to
10 km are consistent with the dispersion and polarization rela-
tions of inertia—gravity waves. They found that the observed
spectra become steeper at scales smaller than 10 km, which
“contradicts the alternative explanation of mesoscale variabil-
ity using the theory of stratified turbulence.” As shown by
Chunchuzov (2018) the observed steepening of the horizontal
spectrum at scales of less than 10 km is due to the fact that
these scales become comparable with the horizontal displace-
ments of the air parcels caused by all internal gravity waves,
including the inertia—gravity waves, so that the nonlinear inter-
actions between these waves become strong.
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Using 3 years of analysis data from a kilometer-scale nu-
merical weather prediction system Craig and Selz (2018), and
Selz et al. (2019) investigated the variability of the mesoscale
kinetic energy (KE) spectrum in slope and amplitude, and the
dynamical processes that affect this variability. They found
that mesoscale KE spectrum varies systematically with envi-
ronmental factors; therefore, their study “does not support
the hypothesis of a universal mesoscale KE spectrum ... ” Par-
ticularly, a high variability of the spectral amplitudes and
slopes at horizontal scales less than 100 km was found to be
correlated with high convection and precipitation rates. The
exceptionally steep slope of —3.14 was found for the KE spec-
trum in the entire range of scales from 1000 to 10 km (see
Fig. 6 in Selz et al. 2019), when the KE is enhanced at large
scales (500-1000 km) due to a strong potential vorticity anom-
aly and reduced at smaller scales (100-10 km) due to an al-
most complete absence of convection and precipitation.
Another extreme case of a shallow KE spectrum with a slope
of —1.74 was associated with enhanced convective activity and
precipitation at scales less than 100 km. The cases considered
by Selz et al. (2019) of an increase in the slope of the KE spec-
trum due to the transition from strong convection to its com-
plete absence were also accompanied by a transition from
unstable to stable stratification of the atmosphere.

Li and Lindborg (2018) calculated horizontal temperature
and kinetic energy (rotational and divergent) spectra from the
Measurement of Ozone and Water Vapor by Airbus In-
Service Aircraft (MOZAIC) dataset. The spectra were ob-
tained up to minimum (cutoff) horizontal scale of 4 km. They
observed the extending of the k> range to the cutoff wave-
length / = 4 km in the upper troposphere, and up to / = 10 km
in the lower stratosphere. In the stratosphere they found a
transition from &~ spectrum to a steeper spectrum; however,
they did not find such transition in the upper troposphere. A
similar transition as noted by Li and Lindborg (2018) was ob-
served by Bacmeister et al. (1996) and Callies et al. (2016),
when they used the STARTO8 data. When these authors ana-
lyzed MOZAIC data they used a larger cutoff wavelength, of
order 20 km, as compared to 4 km used by Li and Lindborg
(2018), and could therefore not detect this transition.

Vinnichenko et al. (1980) also observed under stable strati-
fication of the troposphere at 9-km height an increase in the
slopes of temperature spectra in the range of scales from
about 6 km to 400 m compared to the slope of the —5/3 spec-
trum at scales greater than 6 km. In the spectra obtained by
Li and Lindborg (2018) the most part of the transitional inter-
val from 6 km to 400 m was laying lower than the cutoff
length scale / = 4 km; therefore, a transition to the steeper
spectrum could not be observed. Besides this, no sounding
data were presented in this paper indicating that the stratifica-
tion in the tropospheric layer containing the most part of the
flight segment was stable. It is in the conditions of stable strat-
ification of the tropospheric layer that the transition from the
—5/3 spectrum to a steeper spectrum could be observed. The
stratosphere is normally about twice as stable as the tropo-
sphere (in terms of its Brunt-Viisdla frequency N) (Lane
2015; Nappo 2012). In the lower stratosphere Li and Lindborg
(2018) did observe a transition to a steeper spectrum at scales
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less than 10 km. The increase of the characteristic horizontal
scale in the stratosphere compared to the troposphere, at
which such a transition takes place, can be explained by an in-
crease with height of the rms wind velocity fluctuations due to
a decrease of mean atmospheric density (Chunchuzov 2018).

Recently, Imazio et al. (2023) carried out measurements of
the three wind velocity components, when the aircraft flew
through separate “patches” of turbulence in the troposphere
over the southern Andes. Although Imazio et al. (2023) had
no access to measurements of stratification they relied on
NWP data (from the IFS of ECMWF) which they interpo-
lated on their aircraft trajectories. A possible source of the
“patches” of turbulence could be instabilities of mountain
waves propagating into the upper troposphere. For some
“patches,” the horizontal spectra of velocity fluctuations for
the scales from 1 km to 50 m followed a power law close to
—5/3. For other “patches” the spectra with slopes from —1.9
to —2.5 were observed, which the authors attributed to the
anisotropy of the turbulent airflow. These measurements con-
firm the existence of the intermittency of mesoscale turbu-
lence and sensitivity of the slopes of the observed horizontal
spectra of wind fluctuations to the changes of the atmospheric
stratification along flight segments. Earlier, the same conclu-
sion also followed from aircraft measurements in the lower
troposphere under the control of its temperature and wind
stratification (Myrup 1969; Vinnichenko et al. 1980). Under
convection or neutral stratification in the lower troposphere,
the slopes of the measured horizontal spectra were close to
—5/3, whereas under stable stratification of the tropospheric
layers the spectral slopes were close to —3.

The present work is devoted to studying the statistical
characteristics (spectra and structure functions) of mesoscale
fluctuations of wind velocity, temperature, and gas concentra-
tions at different altitudes of the stably stratified troposphere
obtained from the Tu-134 “Optik” laboratory aircraft meas-
urements carried out in September 2022 in the Arctic region
of Russia. The model of formation of mesoscale fluctuations
spectra will be presented in section 2. The description of the
measuring routes of the aircraft, meteorological conditions,
and stratification of the troposphere will be given in section 3.
The analysis and theoretical interpretation of the horizontal
and slanted spectra of fluctuations obtained in conditions
of stable stratification of the troposphere will be given in
sections 4 and 5.

2. Formation model for the spectrum of anisotropic
fluctuations in a stably stratified atmosphere

In the works of Shur (1962), Myrup (1969), Lilly and Lester
(1974), Vinnichenko et al. (1980), and Bacmeister et al.
(1996) the horizontal fluctuation spectrum with a slope close
to —3 was observed in the stably stratified layers of the tropo-
sphere at large scales compared to the scales of turbulence
within its inertial range. The appearance of a steep part of the
spectrum compared to the —5/3 Kolmogorov—Obukhov law
was explained in the models of Shur (1962) and Lumley
(1964) and Lumley and Panofsky (1964) by the fact that part
of the kinetic energy of turbulent motions during its cascade
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transfer from large to small scales is converted into potential
energy due to the work performed by turbulence against
buoyancy forces in the stably stratified atmosphere. This theory
as noted by Lumley is applicable in the buoyancy subrange
whether the random velocity and temperature fluctuations in
the stratified medium are caused by internal wave perturba-
tions or by turbulent vortex motions.

By considering resonant and nonresonant interactions of
internal waves in a stably stratified fluid caused by nonlinear-
ity of their motion equations Phillips (1967) showed that non-
resonant wave-wave interactions at large wavenumbers k
cause cascading energy transfer from one wave mode to an-
other, which leads to an equilibrium wave energy spectrum
E(k) ~ N/ decreasing according to the —3 law, where N is
the buoyancy frequency. The spectrum he obtained from the
assumption of a cascade caused by nonresonant wave-wave
interactions coincides with the spectrum of turbulent fluctua-
tions in a stably stratified medium obtained by Shur (1962)
and Lumley (1964). Thus, the cascade-like energy transfer
caused by strong nonresonant interactions of wave perturba-
tions with a small interaction time and the turbulent cascade
in a stably stratified medium result in the same spectrum in
the buoyancy subrange with a slope of —3.

Note that in the spectrum models considered above the sta-
tistical homogeneity and isotropy of the fluctuations was im-
plied. Assuming that random Lagrangian displacements and
velocities of particles of stably stratified medium are caused
by an ensemble of internal waves with randomly independent
amplitudes and phases, are statistically homogeneous in
some finite volume of medium and axially isotropic in hori-
zontal plane, the spatial displacement and velocity spectra
(3D, vertical and horizontal) were obtained by Chunchuzov
(2001, 2002). The important conclusion of this theory was
that at large wavenumbers the 3D spectra have a universal
anisotropic form, independent of the form of the spatial
spectrum of Lagrangian random sources of internal waves.
The obtained spectra do not change in the case when the in-
teractions of internal waves with vortical modes are also
taken into account (Chunchuzov 2018).

To take into account the influence of stable stratification of
the atmosphere and advection of air particles [described by
the nonlinear term (vV)v in the equations of motion] on
the wave spectrum formation, the Lagrangian approach was
applied in Chunchuzov (1996, 2001, 2002, 2009), Eckermann
(1999), and Hines (2001). Its essence was in that first the ap-
proximate solutions of the Lagrangian equations of motion
for internal waves were found, taking into account their nonli-
nearity, and then the exact transformation from the Lagrang-
ian to the Eulerian coordinates was performed (Chunchuzov
2009). This approach allowed us to take into account the influ-
ence on the wave spectrum of advection of internal waves in
the wind velocity field created by the total field of all waves.

The 3D spectrum of the vertical displacements in the Euler-
ian coordinates obtained in the limiting case of high wave-
numbers as shown in Chunchuzov (2018) does not depend on
the spectrum of Lagrangian displacements caused by internal
waves and vortical motions. Also, it does not provide any in-
formation on energy fluxes. This spectrum depends only on
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the variances of the fluctuations of the horizontal gradients of
the displacement components that can be expressed only
through two parameters: the nonlinearity parameter of the
wave field, M = v/l,, or Froude number M = o/(NI,) << 1,
where vy and o are rms values of the vertical displacements
and wind velocity fluctuations, respectively, N is the Brunt-—
Viisila frequency, /, is the characteristic vertical scale of ran-
dom sources of waves and vortices, and the parameter y =
v /v, = o/o, >>1 characterizes the anisotropy of the
Lagrangian displacement or velocity fields, where o, is the
rms value of the Lagrangian fluctuations of vertical velocities.
In the wavenumber space, the resulting 3D spectrum is local-
ized at high vertical wavenumbers |k | > m” (i.e., short verti-
cali scales), and small horizontal wavenumbers, k, = 2\/e—0kz,
where

m* = 1/(v,V2) = NIlv20) )

is the characteristic vertical wavenumber, and ¢, ~ M <1
is the dimensionless parameter that characterizes the anisot-
ropy of emerging layered inhomogeneities in the wind and
temperature fields, corresponding to the surfaces of a constant
spectral amplitudes in the wavenumber space.

a. Vertical wavenumber spectra of the displacements
and velocities

The advection of internal waves by the varying in space and
time wind caused by internal waves and vortices leads to gen-
eration of the spectral “tail” at large vertical wavenumbers k,
with the following forms for vertical displacements

Siplk,) = Bk?, m' <k, <m, )

and horizontal velocities (Chunchuzov 2018):

Vipk,) = aNtk®>, m" <k, <m, 3)
where the dimensionless coefficients B and « increase from
zero along with the nonlinearity parameter M, reaching maxi-
mum values of 0.1-0.2 at M ~ 0.3, at which the spectrum
becomes nonlinearly saturated, and N = N; = const is the
buoyancy frequency in the chosen stably stratified atmospheric
layer. Knowing the spectrum of vertical displacements (2), we
can multiply it by N*/g®, where g is the acceleration of gravity,
and obtain the spectrum of relative temperature fluctuations.
As a result, using (2) and (3) the spectrum of temperature fluc-
tuations can be expressed as follows:

Spk,) = Tg X (N*1g*)S, (k) = Tg X (N*Ig*)V(k,), (3a)

where Ty is the average temperature.

The resulting spectra (2)—-(3a) decrease along with the verti-
cal scale of the fluctuations according to the —3 power law.
The k 3 spectrum is bounded from below by a characteristic
vertical wavenumber m" ~ N/o at which the horizontal phase
speeds of the internal waves N/k, become comparable to the
rms wind velocity fluctuations o caused by the waves them-
selves. From above, the k;3 spectrum is bounded by the
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critical wavenumber m, = m” exp(1/B), where B ~ 0.2 under
nonlinear saturation of the spectrum, at which in some local
regions of space there arise breaking processes of internal
waves due to wave-induced convective or shear instabilities.
The wave breaking processes lead to the generation of thin
layers of small-scale turbulence with vertical scales of vortices
less than 27m L. The resulting thin turbulence layers at dif-
ferent heights intermittent with stably stratified layers whose
vertical scales are greater than 2mm; L.

In case of passive tracers the fluctuations of their concentra-
tion g at a certain height z are caused mainly by vertical dis-
placements of air particles in a presence of the average gradient
of gas concentration dgq,/dz, so the vertical wavenumber spec-
trum of fluctuations g can be expressed through the displace-
ment spectrum (2) or wind velocity spectrum (3):

S,(k.) = (dqy/dz)’S, (k) = (dqy/dz)’ N>V (k). ~ (3b)

b. Horizontal spectra

The horizontal wavenumber spectrum of wind velocity fluc-
tuations was shown to decrease as k> at large horizontal
wavenumbers &, (Chunchuzov 2018):

Vi (k) = de,a N°k >, k, >k =2em’, “)
where k" is the characteristic horizontal wavenumber. Its ratio
to the vertical wavenumber m"* = 1/(\/511‘,) = N/(V20) deter-
mines the anisotropy coefficient 2e}? << 1 of layered wind ve-
locity inhomogeneities, and the amplitude of the horizontal
spectrum (4) is (4ep) ! times lower than that of the vertical
spectrum (3). Thus, in the interval of short vertical scales,
2mim, <[, < 2m/m”, there exist similar in shape anisotropic
wind velocity inhomogeneities with the same ratio of scales
LJI, = 1/\J4e; >> 1. Their outer vertical scale is L, = 2w/m’,
whereas the corresponding horizontal scale at which the tran-
sition to the steep spectrum (4) takes place is L] = 2w/k",
which, according to (1) and (4), is proportional to the rms
value of wind velocity fluctuations, and inversely proportional
to buoyancy frequency N and the anisotropy coefficient
2e}? << 1. Below we use the theoretical model of mesoscale
wind velocity fluctuation spectrum formation briefly outlined
here to interpret the obtained spectra from airplane measure-
ment data.

3. Aircraft measurement routes and meteorological
conditions in the Arctic region in September 2022

The 3D graph of the aircraft flight path in coordinates of
latitude, longitude, and altitude, and almost horizontal sec-
tions of the aircraft flights (segments 1 and 2), along which the
measurements of flight altitude, wind velocity, temperature,
and greenhouse gas concentrations were conducted, are
shown (in Fig. 3a). To obtain the horizontal wavenumber
spectra of the fluctuations in the meteorological fields and
greenhouse gas concentrations, the almost horizontal seg-
ments without sharp course changes and with slightly chang-
ing altitude (labeled 1 and 2 in Fig. 1a) were chosen, The
average altitude was 9544 = 34 m for the first segment, and
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FIG. 1. (a) Aircraft flight path in coordinates of latitude, longi-
tude, and altitude, and almost-horizontal sections of the aircraft
flights (segments 1 and 2), along which the measurements of flight
altitude, wind velocity, temperature, and greenhouse gas concentra-
tions were conducted; (b) inclined tracks along which measurements
were taken.

9219 = 59 m for the second segment. The flight along segment
1 took place from east to west at about 0700 UTC 8 September
2022, whereas the flight along segment 2 ran from west to east at
about 0800 UTC 11 September 2022.

Based on the latitude and longitude values measured by
GPS, the distances between neighboring aircraft measurement
points were calculated. Usually, this distance was 190 m, which
corresponds to a flight speed of approximately 684 km h™*. To
bring the data to a constant measurement step the data interpola-
tion was performed with a distance step of 100 m or spatial sam-
pling frequency of 0.01 m™'. Tables 1 and 2 shows the measured
gas components and meteorological parameters (atmospheric
pressure, temperature, humidity, wind velocity), the instruments
used for measurement, and measurement errors.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 81

The details on the instruments and methods for measuring
concentrations of different gases using the airplane labora-
tory, including data on the calibrations of different instru-
ments, are available in Antokhin et al. (2012) and Belan et al.
(2022), where the scheme and device for air intake, instru-
ments, and methods for measuring the properties of aerosols,
as well as a gas analysis complex are considered. Particularly,
the air intakes on the shell of the Tu-134 and the duct layout
inside the aircraft are shown in Antokhin et al. (2012, Figs. 4
and 5). The measurement errors are given as well.

The polytetrafluoroethylene tubing with an outside diameter
of 6.35 mm and an inside diameter of 4.76 mm fixed inside the in-
let spigots [see Fig. 6 in Antokhin et al. (2012) and Fig. 3 in Belan
et al. (2022)] was used to deliver the air sample from the intakes
to gas analyzers designed to measure O3, NO,, and SO, gas con-
centrations. In these works the methods of measuring concentra-
tions of different gases, errors, and frequencies of measurements
are given. In particular, the measurement step for the gas
concentrations was 1 s and exceeded the time constant of
the setup. At average airplane ground speed of 190 m s !
the spatial step of measurements was approximately 190 m,
which allowed us to give reliable estimates of spectral density
of gas concentration fluctuations at spatial frequencies below
1/(2 X 190 m) = 0.0026 m ™" (i.e., at periods above 380 m).

The wind velocity was calculated using the so-called navigation
triangle described in Belan et al. (2022), where in their Table 4
are given the accuracies for determining the parameters included
in the navigational triangle. From the navigational triangle, the
wind velocity vector was determined as the difference between
the aircraft’s ground velocity vector (relative to the ground) and
the aircraft’s velocity vector relative to the air. Thus, the wind
vector is a small correction between these very large values re-
sulting in fairly large errors [5% for wind velocity and 10° for
wind direction according to Antokhin et al. (2012)]. To calcu-
late the aircraft velocity vector using hemispherical pressure re-
ceivers the aerodynamic angles of the airflow over the aircraft
were measured. The airspeed of the flow was determined from
the difference between the dynamic and static pressures at the
flight altitude.

To measure airspeed the manometers are used in combina-
tion with a Pitot tube. This tube has a hole with the axis parallel
to the longitudinal axis of the airplane toward the incoming air-
flow. Other holes are located on the side of the tube where the
pressure is equal to the static pressure. The difference between
the dynamic and static pressures in the Pitot tube is propor-
tional to the square of the velocity of the oncoming flow. The

TABLE 1. Measured gas constituents, instruments/sensors, measurement errors, and time constants.

Block Device Parameter Range Accuracy Time constant

Gas analysis complex Analyzer model 42i-TL NO, 0... 1000 ppb +1% 60 s
SO, 0... 100 ppm +1% 60 s

TEI model 49C O3, ppm 0... 200 0.001 ppm 4s

TEI model 48C CO, ppm 0... 1000 *1% 1s

LI-6262 CO,, ppm 0... 1000 <0.2 ppm 1s

ME 9850B SO,, ppm 0...20 +1% <20's

Model CLD 780 TR NO,, ppm 0...05 <0.003 ppm 1s

Authenticated mfriedman | Downloaded 01/12/24 04:51 PM UTC



JANUARY 2024

CHUNCHUZOV ET AL.

111

TABLE 2. Measurements of meteorological parameters, instruments/sensors, units, and accuracy (time constant 1 s and
measurement step 1 s).

Parameter (device) Units Accuracy
Flight altitude, by static pressure (electromechanical altimeter VEM-72) m 10 m
Air temperature (HYCAL Sensing Products Honeywell Inc., model: TH-3602C) °C 0.5°C, with step 0.1°C (= 70... +70)
Full braking air temperature (resistive-type sensor) °C 0.5°C
Relative humidity (HYCAL Sensing Products Honeywell Inc., model: IH-3602C) % 7% c with step 1% (0... 100)
Atmospheric pressure (Motorola MPX4115AP) mm Hg 1.5%,100-860 mm Hg
Aircraft speed (DISS-3A “Strela”) kmh' 1kmh!
Aircraft speed relative to the air kmh™' 1kmh!

Pitot tube is used to measure the projection of wind velocity on
the direction of flight.

The velocity vector of the aircraft relative to the ground was
calculated from the inertial navigation systems and GPS global
positioning systems. All the air navigation data were received
from the KompaNav-5.2 navigation system (http://www.teknol.ru)
supplemented by the Airborne Signal System (ASS). The ASS
obtains the airspeed from the dynamic and static pressures as de-
scribed above, and barometric altitude of the airplane.

4. Results of measurements of horizontal fluctuations of
wind velocity and greenhouse gas concentrations:
Their horizontal spectra and structure functions

Measurements and horizontal wavenumber spectra in
the upper troposphere (heights 9-10 km)

The results of measurements of flight altitude, variations of
meridional (mw) and zonal (zw) components of wind velocity,

temperature, and concentrations of some greenhouse gases
(NO and NO,) in 2022 (segment 1) are shown in Fig. 2,
whereas the results of similar measurements conducted in
2020 are shown in Fig. 3. Vertical velocity components
have not been measured. From the measurements of wind
velocity vector described in section 3 we also calculated its
meridional and zonal components. The variations of gas
concentrations are normalized to their rms values (desig-
nated by std and indicated on the plots) for ease of com-
parison of all variations.

To estimate the spectral density of the measured fluctuations
the standard Welch method was used. This estimate was ob-
tained by moving a sliding window along the overlapping data
sample. The length of the analysis window was usually chosen
to be 200 km, which was sufficient to estimate the spectral den-
sity for spatial periods of about 100 km and below. After inter-
polating the data with a step of 100 m the highest spatial
frequency of the obtained spectra was 10 km~'. However, since
the real step of measurements was approximately 190 m, the
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FIG. 2. Horizontal variations of (a) flight altitude, (c) temperature, (b) zonal (zw) and (d) meridional (mw) components of wind velocity,
and (e) NO, and (f) NO concentrations from measurements in 2022 (segment 1).
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FIG. 3. Horizontal variations of (a) flight altitude, (b) meridional wind velocity (mw), (c) temperature, (d) zonal wind velocity (zw),
(e) NO, concentration normalized to std(NO,) = 0.0117 ppb, and (f) SO, concentration normalized to std(SO,) = 0.0756 ppb, obtained

from aircraft measurements in the Arctic region in 2020.

obtained spectra should be considered up to frequencies of
2.63km™!, or periods 190 X 2 = 380 m.

To reduce the influence of edge effects on the spectral den-
sity estimation, the removal of the mean and weighting of the
data with the Hamming window was applied. The overlap of
the windows was 80%. Before calculating spectral density of
fluctuations, they were normalized to their standard devia-
tions, so that it was convenient to compare the spectral densi-
ties of fluctuations of different meteorological parameters and
gas concentrations.

Figure 4 shows estimates of the spectral densities of varia-
tions in the horizontal wind velocity Ej, [the E; spectrum is
obtained by adding the spectra of zonal (zw) and meridional
(mw) wind velocity components, actually being a spectrum of
kinetic energy per unit mass], temperature (temp), and gas
concentrations NO, and NO for segment 1 (Fig. 4a) and seg-
ment 2 (Fig. 4b), normalized to the corresponding variances
of the variations. It can be seen from Fig. 4a that at scales less
than 6 km the experimental spectra show a tendency to in-
crease the slope, compared to the slopes of the spectra at
scales of more than 6 km.

To compare the obtained spectra with theoretical ones we
take into account that the main parameters in our model are
the rms value of wind velocity fluctuations o, the Brunt-
Viisald frequency N, the inertial frequency f, and the ratio of
rms values of horizontal wind velocity fluctuations to vertical
ones, x = v,/v,, = o/a,. For the measured wind velocity fluctu-
ations along segment 1, the value o was about 3 m s, and the
average value of the Coriolis parameter f = 1.25 X 10 #rad s™!
in the latitude range (56°-60°), where the flight took place.

As for the average values of the buoyancy frequency N in
the upper tropospheric layer, they can be estimated from

radiosonde data in the nearest to segment 1 (see Fig. 1a) cities
Kolpashevo (58°18'47”N, 82°54'32”E) and Tobolsk (58°11’53"N,
68°15'16”E) (Fig. 5). One can see from Figs. 5c and 5d that the
wind velocity components in the tropospheric layer 9.5-10 km
vary very weakly with height: their vertical gradient is less than
2(m's™') km ™. The change in the N in the same layer is within
the interval (1-9) X 10™* rad® s~ % therefore, N = 0.02 rad s !
can be taken as a mean value in the layer.

From the measurements of vertical and horizontal velocity
fluctuations in the upper troposphere by Lilly and Lester
(1974) and Nastrom et al. (1987) it follows that the typical val-
ues of x in the stably stratified upper troposphere can lie in
the range (2-5).

At k> k" =2\fegm" our model predicts a steeper decay
(~k?) of the spectral density with increasing k compared to
the spectrum of Nastrom and Gage (1985) lying at longer hori-
zontal scales (k < k*). The parameter e, ~ M*/(8x*) << 1 char-
acterizes the anisotropy of similarly shaped thin-layered
inhomogeneities with scales less than the outer horizontal scale

L =2mlk" = 2m/(2\fegm”) ~ 2V2mox/(MN).  (5)

As can be seen from (5), the scale L" depends on the nonli-
nearity parameter M, frequency N, and parameters y and o.
Taking x ~ 2, N = 0.02rad s~ !, M = 0.4 (under nonlinear sat-
uration of the spectrum) and o = 3 m s~ we can estimate
eo ~ 0.005, and L™ ~ 6 km, as follows from (5). At scales less
than L our model predicts a rapid spectrum decay (—3) with
decreasing horizontal scales. For f = 1.25 X 107% rad s 1,
o =3ms !, an estimate of the energy generation rate gives
g, = o?f = 0.0011 m? s™3. The horizontal spectrum of wind
velocity fluctuations obtained from (4) using the parameters
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FIG. 4. Horizontal spectra of variations in the horizontal wind velocity Ey, temperature (temp), and concentrations
of NO, and NO gases for (a) segment 1 and (b) segment 2, normalized to the corresponding variances of these varia-
tions. The bold line corresponds to the theoretical spectrum given by (4), which has a high-wavenumber spectrum sec-

tion with a slope of —3 and an outer horizontal scale L".

estimated above and normalized to the variance o = 9 m?s™ 2 is

shown by the bold line in Fig. 4a.

The individual spectra in Fig. 4a have a “comblike” shape
with a large number of spectral maxima and minima. Among
them, the spectrum of wind velocity fluctuations E; does

show an increase of its slope at scale L" ~ 6 km , when pass-
ing through this scale and further scale decreasing. In the
other individual spectra such a transition is less pronounced
than in the spectrum E;. Nevertheless, their average slope at
short scales, from L* ~ 6 km to 400 m, is closer to the theoretical
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Tobolsk (58°11’53”N, 68°15'16”E). on 8 Sep 2022, when the flight along segment 1 took place.
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FIG. 6. (top) Measured fluctuations of the meridional (mw) and zonal (zw) components of wind velocity, and gas (NO
and NO,) concentrations at heights of 900 and 2900 m and (bottom) their horizontal spectra.

slope —3 (Fig. 4a) than to the —5/3 slope of the experimental
spectra obtained by Nastrom and Gage (1985).

The increase of the spectral slope was also observed for
gas tracers, what can be expected from the relation (3b) be-
tween wavenumber spectrum of gas concentration fluctua-
tions ¢ and wind velocity spectrum. Bacmeister et al. (1996)
observed the slope increase only in the wind velocity hori-
zontal spectrum, but not in the horizontal spectra of gas
tracers. The latter depend on the vertical gradients of mean
gas concentrations dq,/dz [see expression (3b)], so if the ver-
tical scale of change of the mean gas concentration is much
greater than the amplitudes of displacements, then the rela-
tive fluctuations of gas concentrations will be small compared
to 1. The smallness of change of g, on the vertical distance of
order air parcel displacements leads to the absence of the
steep section in the horizontal spectra of gas tracers. Since
the data on the average gradients of gas concentrations were
not given by Bacmeister et al. (1996) the reasons for the ab-
sence of a steep section of the spectrum in this work remain
unknown.

When flying along segment 2, the value of o was about
9ms !, ie. 3 times higher than that along segment 1. For seg-
ment 2 the estimate of the characteristic horizontal scale L
gives values of 18-20 km, so the model predicts a transi-
tion to a steep spectrum on a much longer scale than in the
case of measurements along segment 1. The spectra in
Fig. 4b did have a slope close to —3 for periods of less than
20 km. The existence of the transition on some scale L"
from shallow to steeper spectrum is also confirmed below
by the results of our measurements in September 2022 at
lower heights of 900 and 2900 m carried out under stable
stratification of the lower troposphere inherent the Arctic
region.

b. Measurements and spectra along short horizontal
traces (lengths of about 50 km) at heights of 900 and
2900 m of the lower troposphere

The results of measurements of the fluctuations of the me-
ridional (mw) and zonal (zw) components of wind velocity
and gas concentrations (NO and NO,) along short horizontal
segments of about 50 km long, located at altitudes of 900 and
2900 m, and their horizontal spectra are shown in Fig. 6. The
analysis of the N? profile in the layer 900-2900 m indicates the
presence of stable temperature stratification of the tropo-
sphere (N? > 0) during the measurement periods (Fig. 5b).
The exceptions are thin layers less than 100 m thick located at
heights of about 2600, 1900, and 500 m, where the local N? values
were negative at certain time intervals, suggesting the occurrence
of convective instability in these layers. As in the case of flights at
heights above 9 km, the experimental spectra obtained at heights
of 900 and 2900 m (Fig. 6, bottom panel) indicate an increase in
the slope of the spectra at scales less than L* ~ Skm.

¢. Comparison with measurements in 2020

To make sure that the transition from the —5/3 spectrum to
a steeper spectrum was observed not only under the condi-
tions of stable tropospheric stratification developed exclusively
in September 2022, we compared our 2022 measurements with
the results of similar airplane measurements in the Arctic re-
gion carried out in September 2020. In 2020 the components
of wind velocity, temperature, and concentrations of NO,,
SO,, and other gases (shown in Fig. 3) were measured at alti-
tudes of 10.3-10.5 km. The temperature and wind profiles (not
shown here) obtained from radiosonde data in cities close to
the flight segment (Norilsk, Naryan-Mar, and Arkhangelsk)
indicated stable stratification of the troposphere at flight
heights. In 2020 these heights were below the tropopause

Authenticated mfriedman | Downloaded 01/12/24 04:51 PM UTC



116

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 81
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FIG. 7. Horizontal spectra of the fluctuations of (a) zonal (zw) and (b) meridional (mw) wind velocity components
measured in September 2020 (in Figs. 4b,d). The dotted lines show the 90% confidence intervals of the spectral

estimates.

(heights of 12-14 km) for Naryan-Mar and Arkhangelsk, and
in the tropopause for Norilsk (heights of 9-11 km).

The obtained spectra of the fluctuations of meridional
(mw) and zonal (zw) wind velocity components at a flight alti-
tude of about 10 km are shown in Fig. 7, where f, = k,/2,
and k, is the horizontal wavenumber. The slopes of these
spectra for short periods from 400 m to 10 km are ranging
from —2.5 to —2.7. Approximately the same slopes in the
same range of periods were obtained for the spectra of fluctu-
ations of concentrations of NO,, SO,, CO,, and O3, shown in
Fig. 8. These slopes are not as steep as predicted by the theo-
retical —3 law, but are closer to it than to the —5/3 spectrum
of Nastrom and Gage (1985), which the current models of

horizontal spectrum formation aim to explain (Lindborg 2006,
2015; Callies et al. 2014; Skamarock et al. 2014).

d. Horizontal structure functions of the measured
fluctuations of meteorological parameters and gas
concentrations

The obtained spectra of the fluctuations of meteorological
parameters and gas concentrations are connected with the
structure functions of these fluctuations defined by the mean
square ([T(x2) — T(x1)]?) of the difference of the fluctuations
of any parameter 7(x) in two arbitrary points with horizontal
coordinates x; and x,. For homogeneous random processes,
and processes with stationary increments, the second-order
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structure function D(R) depends only on the coordinate differ-
ence R = x, — x; and is expressed through the correlation
function B(R) of the random process 7(x) as follows:

D(R) = 2[B(0) — B(R)]. (6)
For a structure function of the form D(R) ~ R” with a power
v > 0 the corresponding spectrum is E(k) ~ 1/k"*! (see
Monin and Yaglom 1975; Golitsyn 2012).

s the —3 spectrum predicted by the theory at short wave-

Using the measured data, we first calculated the autocorre-
lation function B(R) for the selected flight segment and then
calculated the structure function using formula (6). The re-
sulting structure functions of the meridional (mw) and zonal
(zw) wind velocity fluctuations for segment 1 (2022) in the
range of scales R from 400 m to 150 km are shown in Fig. 9.

As the scale R grows from 400 m to L* ~ 6 km, there is a
rapid growth of structure functions along with R proportionally

Structure function, m2 /c2

Structure functions of the meridional (mw) and zonal (zw) wind velocity fluctuations
in the scale range 0.4-150 km, 2022, Segment 1
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FIG. 9. Horizontal structure functions of the meridional (mw) and zonal (zw) wind velocity fluctuations in the scale

range 0.4-150 km.
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to RY with y = 1.1-1.2. As we move to larger scales R > L",
the growth slows down strongly (y = 0.6). Compared to the ob-
served growth the model (dashed line in Fig. 9) predicts faster
growth (~R?) of the structure function with increasing scales
from 400 m to L* ~ 6 km and in the large-scale region (~R>?)
at L* < R <150 km.

Nevertheless, a noticeable decrease in the growth rate vy of the
structure function when moving from scales of 400m < R < L"
to larger scales R > L" confirms our conclusion about the pres-
ence in the spectrum Ey;, (Fig. 4a) of a transition at scales on the
order of L” to a steeper spectrum (compared with the —5/3 law).

A decrease in the growth rate was also observed for the
structure functions of the fluctuations in the concentration of
some greenhouse gases (NO, NO,) in 2022 (Figs. 10a,b), and
(NO,, SO,) in 2020 (Figs. 10c,d) in the transition from short
scales 400 m < R < L” to longer ones with R > L".

It is necessary to note that it was in the Arctic experiment
under conditions of stable stratification of the troposphere
that we were able to detect the presence of a range of short
scales of 400m < R < L* for the fluctuations of greenhouse
gas concentrations, in which the growth rate of structure func-
tions is higher than 2/3, while the degree of decay of horizon-
tal spectra is closer to —3, rather than to —5/3. The presence
of this scale range in the stably stratified troposphere should
be taken into account when calculating the dependence on the
scale R of the horizontal turbulent diffusion coefficient of pas-
sive tracers, which is proportional to the product of R by the
square root of structure function of horizontal velocity fluctua-
tions (Monin and Yaglom 1975; Golitsyn 2012, chapter 6).

5. Slanted spectra

In addition to horizontal fluctuation spectra the information
about 3D spatial structure and anisotropy of the fluctuations
of wind velocity, temperature, and gas concentrations in the
troposphere can be obtained by measuring these fluctuations
along aircraft tracks inclined to Earth’s surface. Such meas-
urements of temperature fluctuations were first carried out by
Gurvich and Kukharets (2008) over northern regions of the
European part of Russia under stable stratification of the tro-
posphere in the height range of 2-8 km. The obtained slanted
and horizontal spectra of fluctuations covered the range of
wavenumbers from 5 X 10™% to 3 X 1072 rad m ™!, which cor-
responded to scales from 12.6 km to 200 m. These spectra
were interpreted with a model of 3D spectrum of temperature
inhomogeneities generated by a statistical ensemble of inter-
nal waves (Gurvich and Chunchuzov 2008), and using a single
set of model parameters. It turned out that the slanted spectra
in some range of wavenumbers approach the —3 power law
with a small deviation in the region of large wavenumbers.
Estimates of the parameters of the 3D spectrum showed the
presence of similar in shape and strongly elongated along
Earth’s surface temperature inhomogeneities with vertical
scales over 100 m and horizontal scales 20 or more times
greater than the vertical scales. However, when the vertical
scales decreased to 10-20 m, the anisotropy of inhomogenei-
ties (ratio of horizontal sizes to vertical ones) decreased to
1.5-2.
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A decrease in the anisotropy of temperature inhomogenei-
ties with decreasing scales was also observed in the spectra of
star scintillations obtained from space (Kan et al. 2014). At
stratospheric heights of 30-43 km, the anisotropy of tempera-
ture inhomogeneities was found to decrease from about 50 to
10 as the vertical scales decrease from 55 to 8 m.

In the present experiment the spectra of fluctuations of
temperature, wind velocity, and NO concentration were ob-
tained along inclined traces with angles of inclination from
2°to 7° to the ground surface. Figure 11 shows the fluctuations
of temperature, NO concentration, and wind velocity compo-
nents (mw and zw) as a function of the heights of the mea-
surement points (in the height range of 1-9.3 km) on the
inclined traces and normalized to the corresponding rms val-
ues (std).

If we assume that the inclined route of the aircraft crossed
random layered inhomogeneities, which are statistically homo-
geneous and stationary during the flight times along two sections
of the route lying in the height ranges of 1-5 km and 5-9 km,
then we can estimate the spectra of these inhomogeneities over
the vertical scales (Figs. 12 and 13). The measured temperature
fluctuations as a function of altitude are shown in Fig. 12a. Their
spectrogram obtained with a sliding analysis window of 3 km
(Fig. 12b) shows an increase in spectral density with increasing
altitude for f, = k.2 < 5 km™! (vertical scales above 200 m),
where k, is the vertical wavenumber. Such a growth of the spec-
tral amplitude of the fluctuations with height, and a decrease
in the characteristic vertical wavenumber m” = 1/(\/51/‘,) =
N/(¥20) [see (2) and (3)] due to a decrease in mean atmospheric
density, is typical for a fine-scale layered structure of the atmo-
sphere (Chunchuzov and Kulichkov 2020, section 5).

Figure 13 shows estimates of the slanted spectra for the
fluctuations of the horizontal wind velocity components (mw
and zw), temperature, and NO concentration, corresponding
to their profiles shown in Fig. 11. The Welch spectra of the
wind velocity components (Fig. 13a) were calculated for the
altitude ranges of 1000-3048 m and 7100-9148 m with a Ham-
ming window of 512 m. For the lower and upper atmospheric
layers, the values of ¢ are 1.33 and 2.32 m s, respectively,
and the average N values in these layers lie in the range
0.01-0.02 rad m ™.

Taking for the lower tropospheric layer N = 0.02 rad m™*,
o=133ms !, and a« = 0.2, we obtain the vertical wavenum-
ber velocity spectrum (3) decaying according to the —3
law when increasing vertical wavenumber k, or f, = k /2w
(solid line in Fig. 13a). The outer scale bounding this spectrum
L, = 2@/m" =600m and the critical wave breaking scale
L. ~ 4 m are shown by vertical arrows. Estimates of the mw
and zw spectra over a range of vertical scales from 600 to
10-20 m show that these spectra decay according to a law close
to —3. However, as the scales decrease further (f, > 0.1 m™ %),
the spectral estimates have false maxima and minima,
which appear to be due to almost periodic variations in air-
craft altitude by 10-20 m as a function of distance along
the track (for the horizontal track these variations can be
seen in Fig. 3a).

Estimates of the spectra of temperature fluctuations are
shown in Fig. 13b along with the theoretical spectrum (Fig. 3a)

Authenticated mfriedman | Downloaded 01/12/24 04:51 PM UTC



JANUARY 2024 CHUNCHUZOV ET AL. 119

Structure functions of NO concentration, Segments 1 and 2, 2022
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FIG. 10. Horizontal structure functions of the fluctuations of greenhouse gas concentrations of (a) NO and (b) NO, in
2022 and (c) NO, and (d) SO, in 2020.

(solid line) obtained for the average temperature 7, = 280°. Al- The slope of the individual spectra of NO concentration
though the individual spectra are close to the theoretical one for  fluctuations in the scale range from 600 to 20 m is consis-
short vertical scales of 100-10 m, there is a deviation from it at  tent with the slope of the theoretical spectrum (thick line).
longer periods. The latter was obtained from (3b) with an average gradient
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Vertical temperature (t) profile normalized by std(t)
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FIG. 11. Vertical profiles of the fluctuations of temperature, NO concentration, and wind velocity components (mw and zw) as a function of
the altitudes (1-9.3 km) of measurement points on the slanted traces and normalized to the corresponding rms values (std).

dq,/dz ~ 0.008 ppb km™' of NO concentration estimated
from the obtained NO profile. Such behavior of the spectra
of wind velocity and NO concentration fluctuations in a certain
range of scales suggests a significant influence on the forma-
tion of these spectra of the process of advection of air particles
induced by internal waves and vortical motions. The average ver-
tical wavenumber spectrum of velocity fluctuations (Fig. 13d) ob-
tained during descents and ascents of the aircraft along different
inclined routes (shown in Fig. 1), decreases according to the law
close to —3 when decreasing the vertical scale from 300 to 30 m
(straight line in Fig. 13d).

The vertical spectra of horizontal wind velocity fluctuations in
the stably stratified troposphere obtained from airborne meas-
urements along inclined tracks agree well with similar spectra in

8
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the upper troposphere and stratosphere obtained from numerous
radar measurements (Fritts et al. 1988; Fritts and Alexander
2003) and infrasound sounding data (Chunchuzov and Kulichkov
2020, section 6).

Our conclusion about the significant influence of the inter-
nal wave-induced advection on the formation of the vertical
wavenumber spectra of greenhouse gases confirms the results
of Yuan et al. (2009), who obtained from ozone-probe
measurements the vertical profiles of ozone concentration
in the troposphere and lower stratosphere, and vertical wave-
number spectra of ozone concentration fluctuations. The aver-
age slopes of these spectra in the wavenumber range from
4.69 X 107* to 2.50 X 107* m™! (the corresponding vertical
scales are between 2 km and 400 m) were about —2.91 in the

dB

107
Vertical period, km

10°

FI1G. 12. (left) Vertical profile of temperature fluctuations after trend removal, normalized to rms value, and (right) its
spectrogram.

Authenticated mfriedman | Downloaded 01/12/24 04:51 PM UTC



JANUARY 2024

—mw 3-1km
....... = o - = mw 9-7 km
10° ) 3 - mw 1-5 km
R e
—+—zw 5-1km
1072 ——2zw 9-7 km
N, zw 1-5 km
2 —*—2zw 5-9 km
£ —Tn
= 10 =
g
8 .6
& 10
12
10
10710 £,20.0017 m™! 1. 1
lv=ﬁnnm L :—4(“
10 10 102 107 10°
f, 1/m
©) 402
10
'E g6
Lo
Qa
Q
Q
: sl
g 10
©
[
@
10710
102k

-3 -2 -
10 fz A/m 10 10

CHUNCHUZOV ET AL.

121

Spectra along inclined tracks
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FIG. 13. Vertical wavenumber spectra of the fluctuations of the horizontal components of (a) wind velocity (mw and zw), (b) tempera-
ture, and (c) NO concentration, measured along inclined routes during the descent and ascent of the aircraft. The horizontal axis is a spa-

tial frequency f, = k./2m in cycles m™'

, where k, is the vertical wavenumber. The altitude ranges for which the spectra were calculated

and the theoretical spectra with a slope of —3 (straight line) are indicated. (d) Individual spectra of mw for different traces at ascents and
descents, their average spectrum (thick curve), and its approximation in the range of vertical scales from 300 to 30 m (straight line with a

slope of —2.96).

troposphere, and —2.87 in the lower stratosphere, which were
close to the —3 slope. From the agreement of the observed
and theoretical spectra a conclusion was made by Yuan et al.
(2009) about a significant contribution of the IGWs to the
observed fluctuations of ozone concentrations in the tropo-
sphere and lower stratosphere.

6. Conclusions

We presented in this paper the results of airborne measure-
ments with the aircraft laboratory Tu-134 “Optik” of the
mesoscale fluctuations of wind velocity, temperature, and
concentrations of gas constituents at different heights of the
troposphere of the Arctic region of Russia. The obtained
statistical characteristics of the fluctuations (spectra and struc-
ture functions) were interpreted using a theoretical model of
the formation of mesoscale wind velocity and temperature
fluctuations described in the paper. It is important to note
that this model takes into account the influence of advection
of each internal wave or vortex by the varying wind field in-
duced by all the other waves and vortexes on the fluctuation
spectrum formation. Such an advection becomes significant at
certain short horizontal and vertical scales comparable with

the corresponding rms displacements of the air particles. It
follows from the model that in a stably stratified atmosphere,
the energy of internal waves and horizontal vortical motions,
generated by their random sources on some characteristic ver-
tical and horizontal scales, is transferred in a cascading man-
ner toward shorter vertical and longer horizontal scales. Such
a transfer results in the formation of strongly anisotropic in-
homogeneities of wind velocity and temperature fields whose
Eulerian spatial spectra (3D, vertical and horizontal) take the
forms at high wavenumbers independent of the spectrum of
the random sources themselves.

The spectrum formation model was verified on the results
of airborne measurements of wind velocity fluctuations, tem-
perature, and greenhouse gas concentrations conducted in
September 2022. When decreasing horizontal scales, the spec-
tra of fluctuations of wind velocity, temperature, and green-
house gas concentrations (NO, NO,, NO,, SO,) obtained
both at the troposphere heights of about 9.5 km and in the
lower troposphere (heights of 900 and 2900 m) indicated the
existence of a transition on some scale, found in the paper, to
a steeper spectrum (compared to —5/3) with a slope close to
—3. It is important to note that the aircraft measurements
were conducted in the Arctic region where according to
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radiosonde data the temperature stratification was mostly sta-
ble (N* > 0) at flight heights with a weak change over height,
except thin layers with N> < 0 of about 100 m thick, which
were likely convectively unstable and intermittent at different
heights with stably stratified layers. The vertical wind shear did
not exceed 2 m s~ ! km™! as followed from the wind velocity
profiles. It is also important to note that the transition to a steep
spectrum was observed by us for both wind velocity fluctuations
and gas concentrations measured by different methods and with
the corresponding accuracy of measurements.

The presence of a steep section in the horizontal spectrum
of wind velocity fluctuations with a slope of —3 has not been
taken into account in most of modern spectrum models,
aimed mainly at explaining the —5/3 mesoscale spectrum ob-
tained by Nastrom and Gage (1985). In contrast to the earlier
works on aircraft measurements (Myrup 1969; Shur 1962;
Lilly and Lester 1974; Vinnichenko et al. 1980), which took
into account the effect of stratification on the spectra along indi-
vidual flight segments, in the recent works, on the contrary, the
aircraft measurements have been performed on long traces with
a large number (thousands) of segments (Cho et al. 1999,
Callies et al. 2014, 2016; Skamarock et al. 2014; Lindborg 2015),
apparently passing through areas with different uncontrolled
stratification, including areas of small-scale turbulence under
neutral stratification, and areas with stable stratification. We as-
sumed that averaging spectra with different slopes (from —5/3
to —3) over a large number of segments should result in an av-
erage spectrum with some intermediate slope lying between
—5/3 and —3 at short scales (from 6 km to 400 m).

Our results rather confirm the results of earlier aircraft
measurements in which a steep high wavenumber part of the
spectrum with a slope close to —3 was detected in the stably
stratified layers of the troposphere and lower stratosphere.
We obtained the individual spectra under approximately the
same conditions characterized by stable stratification of the
troposphere, which is typical for the Arctic region both for
flight heights more than 9.5 km, and for lower tropospheric
heights of 900 and 2900 m. Despite the differences in the forms
of the obtained individual spectra, they all showed the pres-
ence of a steep region of the spectrum (compared to the —5/3
spectrum) at small scales, less than 6 km, The presence of a
steep region in the spectrum, unnoticed in many recent works
on aircraft measurements, makes us recall again the existence
of the buoyancy subrange in the stably stratified medium,
which passes at decreasing scales to the inertial range of the
Kolmogorov—Obukhov turbulence.

The fluctuation spectra along different inclined traces of
the aircraft were also estimated. Our assumption that each in-
clined track crossed the random layered inhomogeneities of
wind velocity, temperature, and gas concentration, which
were statistically homogeneous and stationary during the
flight along two sections of the track lying in the height ranges
of 1-5 km and 5-9 km, allowed us to estimate the spectra of
these inhomogeneities over their vertical scales. The average
vertical spectrum of the horizontal velocity fluctuations ob-
tained during the descents and ascents of the aircraft along
different inclined routes decreased according to the —3 law
for the vertical scales decreasing from 300 to 30 m. A similar
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behavior of the vertical spectra was observed for the first time
for the NO concentration fluctuations, which indicates a sig-
nificant influence of the advection of air particles induced by
internal waves and vortical motions on the formation of these
spectra.
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