JGR Atmospheres

RESEARCH ARTICLE
10.1029/2021JD035516

Key Points:

e Accuracies of spectral model
turbulence analysis techniques are
evaluated using high-resolution direct
numerical simulation data

e The Tatarskii model shows very
accurate results if measured spectra
resolve the viscous subrange for more
than 2 decades

e The Heisenberg model yields less
accurate results that are almost
independent of measurement
resolution

Correspondence to:

B. Strelnikov,
strelnikov @iap-kborn.de

Citation:

Strelnikov, B., Rapp, M., Fritts, D. C.,
& Wang, L. (2022). Assessment of the
precision of spectral model turbulence
analysis techniques using direct
numerical simulation data. Journal of
Geophysical Research: Atmospheres,
127, €2021JD035516. https://doi.
0rg/10.1029/2021JD035516

Received 5 JUL 2021
Accepted 28 JAN 2022

© 2022. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A G s

> SPACE SCIENCE

i
Assessment of the Precision of Spectral Model Turbulence
Analysis Techniques Using Direct Numerical Simulation Data

B. Strelnikov! (2, M. Rapp?? ©, D. C. Fritts* ), and L. Wang*

'Leibniz Institute of Atmospheric Physics at the Rostock University (IAP), Kiihlungsborn, Germany, *Institut fiir Physik der
Atmosphiire, Deutsches Zentrum fiir Luft- und Raumfahrt, Oberpfaffenhofen, Germany, *Meteorologisches Institut Miinchen,
Ludwig-Maximilians-Universitit Miinchen, Munich, Germany, “GATS Inc., Boulder, CO, USA

Abstract The spectral model turbulence analysis technique is widely used to derive kinetic energy
dissipation rates of turbulent structures (¢) from different in situ measurements in the Earth's atmosphere. The
essence of this method is to fit a model spectrum to measured spectra of velocity or scalar quantity fluctuations
and thereby to derive € only from wavenumber dependence of turbulence spectra. Owing to the simplicity

of spectral model of Heisenberg (1948), https://doi.org/10.1007/bf01668899 its application dominates in the
literature. Making use of direct numerical simulations which are able to resolve turbulence spectra down to

the smallest scales in dissipation range, we advance the spectral model technique by quantifying uncertainties
for two spectral models, the Heisenberg (1948), https://doi.org/10.1007/bf01668899 and the Tatarskii (1971)
model, depending on (a) resolution of measurements, (b) stage of turbulence evolution, (c) model used. We
show that the model of Tatarskii (1971) can yield more accurate results and reveals higher sensitivity to the
lowest e-values. This study shows that the spectral model technique can reliably derive ¢ if measured spectra
only resolve half-decade of power change within the viscous (viscous-convective) subrange. In summary, we
give some practical recommendations on how to derive the most precise and detailed turbulence dissipation
field from in situ measurements depending on their quality. We also supply program code of the spectral models
used in this study in Python, IDL, and Matlab.

Plain Language Summary Turbulence plays a central role in most geophysical fluids, but our
understanding of it remains limited. Atmospheric turbulence plays roles as diverse as dispersion of pollutants
in the boundary layer to strong influences on the thermal and wind fields on global scales from the surface to
above 100 km. It also is key to transports in, and the large-scale circulation and structure of, Earth's oceans.
Measurements quantifying turbulence intensities and their environments are key to understanding its many
effects but remain challenging. In situ measurements of various quantities enable estimates of turbulence
intensities but must be calibrated to be of optimal benefit. This study employs a direct numerical simulation
of Kelvin-Helmholtz instabilities that quantifies the associated turbulence dynamics exactly over the range
of scales simulated to evaluate theoretical spectral forms enabling the best estimates of the known turbulence
intensities.

1. Introduction

Turbulence measurements in the atmosphere and ocean comprise remote sensing techniques and vast in situ
methods. The most detailed picture of turbulence dissipation or intensity fields can only be acquired by in situ
measurements. In situ measurement techniques, in turn, utilize different principles depending on altitude (depth)
region and consequently its accessibility means.

Different physical quantities inside turbulent flows when measured with sufficient precision reveal fluctuations
around a mean background value. Spectral analysis of these fluctuations shows that they are distributed in a
continuous wavenumber space and might obey a mathematical law called spectrum function. In the case of the
velocity fluctuations, one may find spectrum functions which are the Fourier transform of correlation func-
tions (see e.g., Hinze, 1975). Similar functions can also be applied to describe the spectral distribution of other,
scalar quantities 9, also referred to as tracers. In the general case, these functions are three-dimensional (3D) in
space and include time dependency. Most measurement techniques, however, do measure a quasi-instant one-di-
mensional (1D) cross-section of this 3D spectrum. This technical limitation can normally be circumvented by
assuming isotropy of the spectral distribution of the measured fluctuations allowing for 3D-to-1D transform of
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the spectrum functions. Also, the measurements must be performed during a short time period so that the time
dependence can be neglected.

Liibken (1992) introduced a spectral model method for derivation of turbulence energy dissipation rate, &, based
on a theory of spectral distribution of a scalar quantity in turbulence field (see e.g., Hinze, 1975; Obukhov, 1988;
Tatarskii, 1971). This technique was successfully applied to fluctuations of neutral air density measured in the
mesosphere by sounding rockets (e.g., Lehmacher et al., 2018; Lehmacher & Liibken, 1995; Liibken, 1992, 1997;
Liibken et al., 1993, 2002; Strelnikov et al., 2003, 2013, 2017, 2019; Szewczyk et al., 2013) and to veloc-
ity fluctuations measured by stratospheric balloons (Haack et al., 2014; Schneider et al., 2015, 2017; Soder
et al., 2019, 2021; Theuerkauf et al., 2011). However, the underlying theory and therefore the e-derivation tech-
nique are based on assumptions that might introduce some uncertainties, which are not quantified yet.

In the last decades, direct numeric simulations (DNS) were successfully used to characterize the structure, dynam-
ics, and anisotropy of turbulence (e.g., Fritts et al., 2003, 2006). Early DNS studies only captured limited inertial
range turbulence dynamics, nevertheless enabled an assessment of the vorticity dynamics driving the turbulence
cascade (Andreassen et al., 1998; Arendt, 1998; Arendt et al., 1997, Fritts et al., 1998). The next-generation DNS
already allowed for simulations of turbulence field down to fine scales within dissipation range with sufficient
details (e.g., Fritts et al., 2009a, 2009b). The highly resolved velocity field produced by such DNS allows for a
precise and detailed derivation of kinetic energy dissipation rate with a spatial resolution close to those achieved
for the velocity field. Since also scalar fields of potential temperature fluctuations are calculated in these DNS,
it is possible to relate them to the dissipation of the kinetic energy. Results of high-resolution DNS of gravity
wave (GW) instabilities and the produced volumetric data are shown and discussed in detail in for example, Fritts
et al. (2009a, 2009b).

More recent DNS by Fritts and Wang (2013) and Fritts et al. (2013) studied multiscale dynamics accompanying
GW instability arising as a result of GW-fine structure (GW-FS) interactions. These simulations enlightened
differences in morphologies of dissipation fields at different stages of evolution accompanying different types
of interactions. Such simulations reproduced the fine structure of the velocity and dissipation fields and their
evolution in time and were successfully used to explain observations of mesosphere/lower thermosphere (MLT)
dynamics (Fritts et al., 2017).

Our goal in this work is to apply the spectral model analysis technique to the fluctuation fields derived in the
DNS and thereby to derive the energy dissipation rates exactly as it is done for in situ measurements. The derived
dissipation fields are to be compared with those ones calculated in DNS. This will yield an assessment of the
biases introduced by the spectral model analysis technique.

It is worth noting that the direct measurement of turbulence energy dissipation rates is rather challenging, espe-
cially in the natural environment (i.e., atmosphere and ocean). This makes the DNS a unique and valuable tool for
the validation of such data analysis techniques and quantification of their precision.

This article does not aim at discussing the merits of theories and underlying assumptions, but to assess the
precision and compare uncertainties of the spectral model technique when applying particular spectral models to
the analysis of in situ measurements. For detailed discussion and comparison of those assumptions and gained
results the reader is referred to for example, Hinze (1975), Reid (1960), and Tatarskii (1971) and to a number of
more focused works that address specific topics of analysis techniques or review articles cited in our manuscript.

The article is structured as follows. In the next section, the spectral model analysis technique is briefly described
and the main equations are summarized. The DNS data itself and how the analysis is applied to these data are
described in Sections 3 and 4, respectively. The results of this analysis are described in Section 5 and critically
discussed in Section 6. In Section 7, we summarize the main results.

2. Spectral Model Technique

Liibken (1992) developed a practical algorithm to derive turbulence kinetic energy dissipation rate, €, from a
measured universal equilibrium range spectrum. The universal equilibrium range of turbulent spectrum includes
inertial subrange, where energy transfer occurs from large to small-scales (from low to high wavenumbers) and
the inertial forces dominate the motion, and all scales smaller than that (e.g., Hinze, 1975).
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Due to its advantages, this method has been widely recognized as the so far most accurate approach for dissipation
rate measurements in the middle atmosphere (e.g., Hocking, 1999) and has as such been utilized in a large number
of sounding rocket experiments (>40 to date, e.g., Strelnikov et al., 2013). Previously in situ turbulence measure-
ments in MLT made use of absolute power values within inertial subrange which resulted in much-enlarged error
margins (e.g., Blix et al., 1990; Liibken, 1993; Thrane et al., 1985).

Here, we shortly summarize the theoretical basis for the spectral model technique. This technique utilizes a single
expression spectral model which must simultaneously describe both inertial (inertial-convective) and viscous
(viscous-diffusive) subranges for velocity (scalar) fluctuations fields. That is why this method is called the spec-
tral model technique.

Such simple spectral models which can provide suitable estimates for the 1D velocity spectrum E(k) or scalar spec-
trum E (k) as a function of energy dissipation rate at a range of wavenumbers evolved from a series of works (e.g.,
Driscoll & Kennedy, 1981, 1983, 1985; Heisenberg, 1948; Liibken, 1992; Liibken et al., 1993; Tatarskii, 1971,
and references therein). These models for example, of Driscoll and Kennedy (1985), Heisenberg (1948), and
Tatarskii (1971) are based on an assumed form for the spectral energy transfer rate (see e.g., Hinze, 1975, for
details) and showed a good agreement with universal equilibrium range spectral data measured in the Earth atmos-
phere (e.g., Lehmacher et al., 2018; Lehmacher & Liibken, 1995; Liibken, 1992, 1997; Liibken et al., 1993, 2002;
Rapp et al., 2004; Strelnikov et al., 2003, 2013).

In general case spectra of the scalar field at high wavenumbers beyond the inertial subrange additionally, depend on
scalar properties described by the dimensionless numbers Sc or Pr. The Schmidt number Sc = /D, and the molec-
ular Prandtl number Pr = v/a, describe the ratio of the kinematic viscosity v to diffusion of atmospheric constitu-
ents (D, diffusion coefficient of tracer 0) or temperature (« is thermal diffusivity), respectively. Batchelor (1959)
derived asymptotic expressions for scalar spectra for cases of very high and very low Sc (Pr). These results can be
further used to derive an Sc- (Pr-) dependent spectral model (e.g., Driscoll & Kennedy, 1985; Hill, 1978). We do
not consider the Sc (Pr) dependencies in this work but only treat cases where the Sc (Pr) value is close to unity,
which covers a large enough range of scalar fields and available measurements. Also, in what follows we only
deal with a scalar spectrum and the velocity spectrum can be treated in a similar way.

Several works suggested an interpolation formula that describes both inertial-convective and viscous-diffusive
subranges (e.g., Driscoll & Kennedy, 1985; Grant et al., 1962a; Heisenberg, 1948; Novikov, 1961; Smith &
Reynolds, 1991; Tatarskii, 1971). The spectral model technique aimed at the derivation of the kinetic energy
dissipation rate ¢ from a measured spectrum E,. Liibken's idea was to only use the scale (wavenumber) depend-
ence of the spectrum Ey(k) and not its absolute level. By fitting a model spectrum to the measured one the scale
(wavenumber) of the transition between the inertial-convective and viscous-diffusive subranges, [, = 2a/k, (inner
scale), can be derived quite precisely. Energy dissipation rate is then directly derived from the inner scale /. The
advantage of this approach is that normalization of the spectrum does not affect the e-derivation results. In other
words, there is no need for precise measurements of absolute values of fluctuations, but only relative ones. By
applying some algebra Liibken adapted the original interpolation formulas to the form applicable to measure-
ments. Thus, the adapted Heisenberg (1948) spectrum reads (Liibken et al., 1993):

I'(5/3) sin(z/3) 2E k53

Ey(k) = -
D) 1/3 2 1
s € <1+[k/k0]8/3) (€Y
where k= 27/l is the wavenumber for inner scale , a> = 1.74 and f, = 2 are constants discussed in Liibken (1992)
and in Section 6, and I" is gamma function.

Similarly, the model of Novikov (1961), also described in the book of Tatarskii (1971) and, after
Liibken (1992, 1997) often referred to as “Tatarskii model” is described by the equation (Liibken, 1992):

Eg(k) =g - €7/ - 2m - b/° / v e dy @)

y

where £ = ¢/ (0,033 . az)3 is normalized kinetic energy dissipation rate, y = k/k, is a dimensionless wavenum-
ber, k, is the wavenumber for inner scale [, b = (31'(5/3) fav/Pr; )3/2
diffusion of air Pr™ = 0.83.

, and the Prandtl number for molecular
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The key feature of the adapted models is that they explicitly include /,(¢) dependence in the form:
I\ /4
v
lo=C-n=C~<—) 3)

where 5 is Kolmogorov scale and the dimensionless constant C is model dependent.

There are different approaches how to deriving the constant C. Thus for example, Obukhov (1949) defined the
inner scale /; as an intersection of asymptotic extensions of the structure functions (which can be related to the
spectrum) in inertial and viscous subranges. Gurvich et al. (1967) suggested deriving this constant empirically
based on measured spectra. Liibken utilized relation between second derivative of structure function at zero,
H(0) and 3D spectrum @, (e.g., Gurvich et al., 1976; Hinze, 1975; Tatarskii, 1971):

d? 126 _ 8z [T

—— Hy(0)= —===2 Dy(k)k*dk
272 o (©) 73D~ 3 J, 9(k) C))

The 3D spectrum and its 1D intersection with all the assumptions mentioned above are related via (e.g., Gurvich
et al., 1976; Hinze, 1975; Tatarskii, 1971):

dEy(k)

1
Oy(k) = —— 5
9 (k) ik dk Q)]
Combining Equations 4 and 5 Liibken (1992) and Liibken et al. (1993) derived:
14 2 . 3/4
cn 271.(9(1 faF(5/3)sm(n'/3)> - 9.00 ©)
n 16 P!
IT . 2 . 3/4
cr =0 _ 2”<3 (5/3)a faF(5/3)81n(7r/3)> =706 D
n 47Prr!

where superscript H and T denotes Heisenberg or Tatarskii model, respectively.

Liibken (1992, 1997) and Liibken et al. (1993) applied the spectral model technique using models of Heisenberg (1948)
and Tatarskii (1971), that is, Equations 1 and 2, to relative fluctuations of neutral air density measured in meso-
sphere. Based on a limited set of data Liibken (1997) and Liibken et al. (1993) showed that application of these
models reveals values of the derived energy dissipation rates which are close to each other. Since then mostly the
model of Heisenberg (1948) has been applied by scientific community for derivation of turbulence energy dissipa-
tion rate, &, based on the Liibken's spectral model technique (e.g., Blix et al., 2003; Chandra et al., 2012; Croskey
etal., 2004; Das et al., 2009; Kelley et al., 2003; Lehmacher et al., 2006, 2018; Triplett et al., 2018). The main reason
for that was the relative simplicity of implementation and numerical stability of the Heisenberg (1948) model.
Staszak et al. (2021) and Strelnikov et al. (2017, 2019) applied Liibken's technique utilizing both Heisenberg (1948)
and Tatarskii (1971) models and showed that the results can reveal considerable discrepancies as far as absolute
e-values are concerned, however yielding very similar relative vertical structure and variability.

3. DNS Data

In this work, we make use of the DNS by Fritts and Wang (2013) and Fritts et al. (2013) where they studied
spanwise- and domain-averaged turbulence evolutions and statistics which yields knowledge on the evolution
of turbulent patches as a whole, as well as their morphological and dynamical properties. In particular, Fritts
et al. (2013) studied influences of FS orientation and character on GWs, instability, and turbulence evolutions
arising in these flows.

Figure 1 shows an example of 2D slices taken from 3D fields obtained by Fritts et al. (2013). The dimensions of
the shown surfaces are normalized to the vertical size of the simulation domain. For a typical GW-breakdown
scenario in the mesosphere, this vertical size will be 3—15 km. The shown 2D-fields are tilted at an angle of ~5°
for consistency and comparability with figures in Fritts et al. (2013, 2009a, 2009b), Fritts and Wang (2013), and
Fritts et al. (2017).
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Figure 1. Example of 2D-fields derived by direct numerical simulation
(DNS). DNS-Time = 11.5 (~developed turbulence). Lighter colors correspond
to higher values.

As in their previous studies, Fritts et al. (2013) and Fritts and Wang (2013)
solve the nonlinear Navier-Stokes equations subject to the Boussinesq
approximation in a Cartesian domain aligned along with the phase of the
primary GW.

The equations were non-dimensionalized with respect to the GW vertical
wavelength 4_and the buoyancy period, 7, = 2z/N. In those DNS, the following
parameters were used: a kinematic viscosity v = 1 m?s~! and a Prandtl number
Pr = 1; a sufficiently high value of Reynolds number Re = A2/vT} = 2 x 10°
appropriate for a GW in the mesosphere having 4, ~3-15 km. The mesh size
of the DNS at time = 11.5 and 20.0 7}, is (NX, NY, NZ)=(4,320, 1,080, 2,160)
and (2,400, 600, 1,200), respectively, where X, Y, and Z denotes the stream-
wise, spanwise, and vertical direction, respectively. The dimension of the
computational domain (xL, yL, zL) = (1.98, 0.5, 0.994987)1_, where 4_ is the
vertical wavelength of the primary GW. The rate of dissipation of turbulent
kinetic energy ¢ is calculated as follows:

E= 2VSijSij (8)

where v is kinematic viscosity and s; is the rates of strain:

1 6u,- auj
=3 <a—x,+ 0x,-> ©
This results that the dimensions of the £PNS-fields are 2/3 of the dimensions
for the velocity (or potential temperature) fields.

An example of distributions of the three parameters obtained in the DNS in
vertical-streamwise surfaces, that is, the data to be analyzed in this work is
shown in Figure 1. These data were taken at DNS time of t = 11.5 T, when
the structures were in their well-developed mature state. In this work, we
analyze snapshots of the DNS data taken at different times which includes
different stages of turbulence evolution. In the next sections, we will demon-
strate the results of fluctuations data analysis using two DNS times = 11.5
T, and t = 20.0 T,. This will mainly show two largely different stages of fully
developed and strongly decayed turbulence from the domain-average point of
view. However, the same data also include, as their internal parts, portions
of newly created, developed, and decayed structures in smaller regions of the
simulation domain. We will address this in detail in Section 6.

In situ measurements (either from rockets, aircraft, or balloons) do only
measure a single profile across the 2D-field shown in Figure 1a or 1b. Such
a profile is a subject for further analysis using the described in Section 2
spectral model technique.

4. Analysis Approach

For an incompressible flow (i.e., for motions significantly slower than the
speed of sound) under Boussinesq approximation, relative density fluc-

tuations (originally studied by Liibken, 1992) reveal the same structuring as relative fluctuations of potential

temperature (e.g., Nappo, 2002):

0/6=—p/p (10)

where ¢’ and @ are fluctuations and mean of the potential temperature; p’ and 7 are fluctuations and mean values

of air density.
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This implies that by analyzing the potential temperature fluctuations derived in this DNS we can directly draw
conclusions on the spectral model technique originally introduced by Liibken (1992). By taking a profile from
the simulated fluctuations of potential temperature (Figure 1b) and applying Liibken's spectral model analysis
technique (Section 2) one can derive a profile of the turbulence kinetic energy dissipation rate, . The latter, in
turn, can be compared with the profile directly calculated in DNS (Figures 1b and 1c¢).

As mentioned in Section 3, the original DNS data are dimensionless. To make it representative of MLT dynamics
one has to scale the computational domain by a vertical wavelength of GW, 4. The kinetic energy dissipation rate
can be scaled to the real physical units by the factor Se = A2/ T: (Fritts & Wang, 2013; Fritts et al., 2017). For the
data demonstrated in this work, we used 4. = 10 km and T}, = 5 min, which are quite typical for the MLT region.
We also applied different scaling factors using 4. = 5-15 km and 7, = 3-8 min and did not note differences in the
resulting dissipation fields.

Thus, our analysis approach is as follows. A profile of potential temperature fluctuations taken from the DNS data
represents the density fluctuations measured in situ by, for example, a rocket-borne instrument. This profile is to
be analyzed by the spectral model technique, yielding a profile of the turbulence kinetic energy dissipation rates,
&. We will apply two spectral models, the Heisenberg (1948) and the Tatarskii (1971) model, thereby deriving
profiles of €7 and €7, respectively. The derived profiles will be compared with the profile of the energy dissipation
rate calculated in the DNS, £PNS,

As noted by Fritts et al. (2017), their DNS studies show that a single (or even several sporadic) e-profile(s) cannot
adequately characterize the turbulence field in terms of its mean or highest values. Therefore, it makes more sense
to obtain some statistics by analyzing vertical-streamwise cross-sections, similar to those shown in Figure 1b, by
subsequently deriving e-profiles and, thereby constructing £- and e”-surfaces for comparison with the £PN5-sur-
face (Figure 1c). This will also yield a statistical basis for the assessment of biases introduced by the fluctuation
data analysis technique.

The exact analysis technique is described in detail by, for example, Strelnikov et al. (2003) or Strelnikov
et al. (2013). It is based on theory and models developed by Liibken (1992) and Liibken et al. (1993) and summa-
rized in Section 2, but utilizes wavelet spectral analysis technique instead of the Fourier transform originally
used by Liibken. The advantage of the wavelet analysis is that it yields much higher spatial (vertical) resolution,
which is theoretically (in an ideal case) the same as for the measured fluctuations profile. In practice, however, it
is usually more reasonable to limit the resolution of the analysis (to approximately 30—100 m in the case of rocket
measurements in MLT) because of the smoothing properties of the wavelet analysis itself and because of the nois-
iness of real measurements (see Strelnikov et al., 2003, 2013, for details). In this study, we do not reduce the reso-
lution of the analysis to achieve the most detailed comparison of the turbulence dissipation fields. Also, for the
same reason, we interpolate the dissipation fields derived in DNS (£PN9) to the resolution of the fluctuations data.
This makes the £PNS and analysis results £ and ¢7 directly comparable with each other.

5. Results

In this section, we show the results of the analysis of the potential temperature fluctuations data and compare
them with the £éPS-values directly derived in the DNS. First, we show a single profile randomly chosen from the
vertical-streamwise cross-section. We note that any profile within the analyzed surfaces shows regions of perfect,
good, and strongly biased ¢-values. Our goal is to find out when the biases occur and quantify how strong these
biases are depending on a particular dynamical situation. Next, we compare the entire surfaces of the energy
dissipation rates in terms of single values and their statistics. As noted above, the DNS data were scaled to values
typical for MLT and the resultant computational domain was between 80 and 90 km altitude. The following
discussion will use this altitude range for simplicity.

5.1. Profiles

To demonstrate a typical result of the e-derivation we show in Figure 2 profiles of the kinetic energy dissipation
rates. The orange profile is directly taken from the DNS data, whereas the blue and green profiles represent the
analysis results by using the Heisenberg and Tatarskii spectral models, respectively. It is seen, that in the regions
of strong turbulence (¢ > 1 mW - kg~!, above 85 km and around 80 km) both models show values close to the £PNS,
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Figure 2. Example of vertical profiles of the derived energy dissipation
rates. The orange profile shows the direct numerical simulation data, whereas
the blue and green profiles show the analysis results using the Heisenberg
and Tatarskii spectral models, respectively. Gray bold horizontal lines mark

altitudes where power spectra are taken from for demonstration in Section 5.2.

5.2. Spectra

In the region where DNS reveals low e-values (¢ < 1 mW - kg~!), anal-
ysis results show different deviations. Mean ratios of the derived-to-DNS
e-values are £7/ePNS = 1.07 and £//ePNS = 1.14 for Tatarskii and Heisenberg
models, respectively.

To see more details in the region of a good agreement between £°NS and &7
we show in Figure 3 a smaller altitude range with the same profiles. It is now
seen that the derived energy dissipation rates closely reproduce the general
behavior of the £PNS-values directly calculated in DNS. The analysis results,
that is, €7 and £, sometimes even coincide with the £PNS-values. The reasons
for and implications of the deviations between £PNS and £/7 are discussed in
Section 6.

As mentioned in Section 4, when real measurements are analyzed, as a conse-
quence of analysis technique limitations (discussed in Section 6), a smooth-
ing is normally applied. Therefore, to infer the effect of smoothing on the
assessment of biases in the estimation of the energy dissipation rates from a
single in situ sounding, we show smoothed &-profiles in Figure 4. This plot
enlightens several features of the analysis results. First, the general structure
of the one-dimensional section of the dissipation field is well reproduced by
both £#- and e-profiles: One can easily recognize major wave-like varia-
tions in all three profiles. Herewith the results of the Tatarskii model fit look
much closer to the “true”, that is, £°NS-values. Second, the high e-values,
that is, £ 2 107> Wkg™!, derived by the spectral model technique based on
both models are quite close to the “true” values. Also, both spectral models
show results that are close to each other in regions of high energy dissipa-
tion rates. In regions of low dissipation, the spectral model analysis results
underestimate the amount of energy dissipation. Herewith the Heisenberg
model reveals a much stronger bias. At the same time, the Heisenberg results
slightly overestimate energy dissipation rates at the peaks of e-profile.

In Figure 5, we further demonstrate the performance of the spectral model analysis technique by showing the
spectra which yield the energy dissipation rates. The orange line shows a global wavelet spectrum at an altitude
of 85.413 km. This altitude is marked by a gray line in Figure 2.

The blue and green lines show the fitted spectra of Heisenberg and Tatarskii models, respectively. The values
of energy dissipation rates derived by our analysis are £ = 50 mWkg~! and £” = 40 mW kg~!, whereas “true”

86.8

gDNS

86.67 o 7

86.4 1

Altitude [km]

86.21

86.0

106 10° 10% 103 102 107! 10°
€ [Wrkgl

Figure 3. Same as Figure 2 but for smaller altitude range.

value calculated in DNS is €PN = 50 mW kg~!. We recall, that these &-val-
ues are derived from the transition scale [, = 2x/k, between the inertial-con-
vective and the viscous-diffusive subranges (inner scale) as described in
Section 2. The inner scales for the Heisenberg and Tatarskii models are
marked by the vertical bold dashed lines in blue and green, respectively. To
compare these inner scales with the “true” values inferred from the DNS
we show two vertical dashed-dotted lines, which were derived from the
£PNS_value. These lines were derived based on the Heisenberg model as
1= 9.9(v3/em"5)1/4 and on the Tatarskii model as I7" = 7.06(v* /ePN5) ",
and are shown in blue and green, respectively. This is an example of a perfect
agreement between DNS data and the analysis results. However, already this
plot demonstrates how precise (or, in turn, uncertain) are the spectral func-
tions of both models in the dissipation range. One can clearly see that at
wavenumbers k 2> 0.6 cyclesm™! the spectral slopes of both models increas-
ingly deviate from the DNS spectrum. This, however, obviously does not
affect the result of the derivation of the energy dissipation rate, €. This is
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Figure 4. Same as Figure 2 but smoothed over ~1 km.

because the analysis technique only relies on a small part of the spectrum
where the transition from the inertial to viscous subrange takes place.

A more detailed analysis of the derived spectra shows that there are different
situations of how the DNS spectra are approximated by the model spectra.
Figure 6 shows an example when the Tatarskii model with its exponential
drop-off in the dissipation range perfectly follows the DNS spectrum. This,
however, does not imply coincidence of the energy dissipation rate values
el=6x10"*Wkg~'and ePM =4 x 10~* Wkg~!, even though the difference
is not significant. The Heisenberg model, in this case, shows a somewhat
opposite situation. The dissipation range slope of k=7 only approximately
follows the DNS spectrum and only in the nearby region close to the tran-
sition wavenumber (scale). At the same time, the derived energy dissipation
rate £ =7 x 10~ Wkg~! is still in an acceptably reasonable agreement with
the ePMS-value of 4 x 10~ Wkg~!. These spectra correspond to the DNS
scaled altitude of 86.367 km. This height is marked in both Figures 2 and 3.

Yet another example of the comparison of DNS with model spectra is shown
in Figure 7. In this case, the Tatarskii model demonstrates a somewhat
acceptable but far from being a precise approximation of the DNS-spectrum
in the dissipation range. At the same time, the derived value of the energy
dissipation rate £T =7 x 1072 Wkg~! can be considered as acceptably close
to the DNS value of £PNS =9 x 10~2 Wkg~!. The Heisenberg model, in turn,
follows quite close the DNS spectrum at the beginning of the dissipation
range. Whereas the derived value of the energy dissipation rate £ = 2 X
102 Wkg~! is obviously underestimated.

In Figures 8 and 9, we show spectra from the low dissipation part of the
profiles shown in Figure 2, that is below 85 km height. In these cases, the

approximation of the DNS-spectra by the model-spectra is, like in previous cases, acceptably reasonable. The

derived values of the energy dissipation rates are, however, strongly underestimated. These strong biases are

discussed in Section 6.

Spatial scale [m]
103 107

10!

1073

\
10713 1 DNS; £ = 5e-02 W/kg \
| T Heisenberg fit; € = 5e-02 W/kg +35% \
107 — = Tatarskii fit; & = 4e-02 Wikg £16%
1 1
1073 1072 107! 10°

Wavenumber [cycles'm™1]

Figure 5. Example of power spectra which yield the e-profiles shown in
Figure 2 taken at an altitude of 85.413 km. Orange, blue, and green lines show
the direct numerical simulation (DNS), Heisenberg, and Tatarskii data. Bold
vertical dashed lines show the inner scales ([, = 2x/k,) derived from the fit of

the Heisenberg (l(’)’ = 9.9(\/3/5H)I/4) and Tatarskii (lg = 7.06(V3/5T) ]/4>

models in blue and green, respectively. Vertical dashed-dotted lines show the
inner scales derived from the DNS data (£PNS-value) based on the Heisenberg

model (1% = 9.9(v3 /ePNS)'"*) and Tatarskii (17 = 7.06(v3/e°VS)"/*) model
0 0

in blue and green, respectively.

5.3. Statistics

After subsequent analysis of every profile of the potential temperature fluc-
tuations in a 2D vertical-streamwise slice of a DNS volume, we reconstruct a
surface of the energy dissipation rates.

An example of such a 2D section of the analyzed turbulence field is shown
in Figure 10, where panels (a—c) show the “true” e-field, Tatarskii, and
Heisenberg model results, respectively.

These figures demonstrate the same features as was inferred from the profile
analysis in Section 5.1, but with a stronger statistical basis. Every surface
in Figure 10 consists of approximately six thousand profiles or ~17 million
points (single e-values). The main features of the spectral model analysis
technique that can be inferred from the comparison of the 2D slices of the
“true” and “measured” turbulence fields are as follows.

1. Morphology of the turbulence field, that is, general structure with major
features is well reproduced by the analysis regardless of the spectral
model used

2. Main regions of strong dissipation are reconstructed quantitatively quite
well

STRELNIKOV ET AL.

8 of 23



A7t |

M\\JI Journal of Geophysical Research: Atmospheres 10.1029/2021JD035516
, Spatial SCallg ImI 100 3. Analysis technique is not sensitive enough in the regions of weak dissi-
Lo-3 I pation, that is, underestimates low ¢-values

10-15

10-18

A

f
i
i
i
i

|

DNS; € = 4e-04 W/kg

—— Heisenberg fit; € = 7e-04 W/kg +16%
== = Tatarskii fit; € = 6e-04 W/kg =12%

1073 102 1071
Wavenumber [cycles:m™!]

Figure 6. Same as Figure 5, but for an altitude of 86.367 km.
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4. Heisenberg model reveals much lower sensitivity to low energy dissipa-
tion rate values than the Tatarskii model

5. Heisenberg model tends to overestimate highest e-values

6. Analysis technique is not sensitive enough to resolve the very fine struc-
ture of the energy dissipation field

Next, in Figure 10d we examine distributions of the energy dissipation rate
values from the 2D slices shown in Figures 10a—10c. Histograms in orange,
green, and blue show e-distributions for the “true” (DNS), Tatarskii, and
Heisenberg analysis results, respectively. Solid lines show Gaussian func-
tions fitted to the respective distributions in the logarithmic domain, that is,
represent lognormal distributions of the corresponding energy dissipation
rates. Vertical dashed lines mark the median value for each distribution. This
figure shows some more details which are not obvious when examining the

surface plots shown in Figures 10a—10c. First of all, all three distributions can be described by the Gaussian

function acceptably well. Median value inferred from distribution when Tatarskii spectral model applied almost

coincides with the median of the “true” DNS distribution. However, both tails of the entire Tatarskii-distribution

are slightly expanded relative to the ePNS-distribution. This means, that the highest £7-values are overestimated

whereas the lowest values of dissipation rates are underestimated. Distribution of the Heisenberg model results

supports the conclusions summarized above and clearly demonstrates that the median £#-value is almost one

order of magnitude smaller than the median £PNS.

The statistics have shown so far reflect features of the spectral model analysis technique applied to idealized in

situ measurements of well-developed active turbulence. Idealized measurements mean that they are capable of

resolving the full range of fluctuations down to the finest scales. By choosing the DNS time ¢ = 11.5 we took for

analysis a fully developed active turbulent structure. This implies that the assumptions used in classical turbu-

lence theory are satisfied as much as they can be achieved in these simulations.

In Figure 11, we show another sample of DNS data, taken at a later stage of evolution of the turbulent structure

and the analysis results. The DNS time is = 20.0 meaning that turbulence is already decaying in these data.

Even though some classical assumptions of fully developed turbulence most probably do not hold in this case,

the key feature for application of the spectral model technique is still present. Namely, at this stage, the decaying

turbulence still has prominent inertial and viscous subranges. From an analysis of Figures 11a—11c one can draw

the same conclusions as for the case of the developed structure shown above (Figure 10). However, the histogram

plot shown in Figure 11d reveals also some differences if compared with Figure 10d. First, distributions of the

results derived using both spectral models are shifted to lower values compared to the developed turbulence case

shown in Figure 10d. Second, the distribution width of the Heisenberg model results is significantly narrower

than for the developed case and its width is quite close to those of £PNS,

Spatial scale [m]
3 102

T
i
|
4 |

DNS; € = 9e-02 W/kg \
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== = Tatarskii fit; € = 7e-02 W/kg =14% \
! Il 2
1073 1072 107! 10°
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Figure 7. Same as Figure 5, but for an altitude of 86.470 km.

5.4. Sensitivity to Instrumental Noise

As noted in the previous section, we applied the spectral model analysis
technique to the DNS fluctuations-data assuming there was no instrumental
noise. This is what we called idealized measurements. In real measurements,
the smallest amplitudes of the measured quantities (e.g., density fluctuations)
are usually hidden by instrumental noise. This results in a measured spec-
trum that only shows a low wavenumber (large scale) part of the viscous
subrange. To our knowledge, there are no publications that show spectra
measured down to the Kolmogorov scale. This technical imperfection of the
in situ measurements motivated us to perform a sensitivity study to assess
how experimental limitations affect the analysis results.

Figure 12 shows schematics to demonstrate how the instrumental noise
affects 1D in situ measurements of turbulence spectra. Bold black curve
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10-3 r , MLT conditions (kinematic viscosity v = 1 m?s~!) and turbulence energy
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" el
10 ! : Black horizontal “tails” to the right of the spectrum show white noise levels
107° i from 0.001% to 1.0%. The noise levels are taken as fractions of the maxi-
g 10-12 : | mum amplitude of fluctuations in the spectrum. For example, a noise level
il \‘ of 0.1% means that if measured density fluctuations due to turbulence are at
107 DNS; & = 3e-03 W/kg most 2% (e.g., Lehmacher & Liibken, 1995; Liibken, 1992, 1997; Liibken
10-8] T Heisenberg fit; £ = 7e-04 W/kg +23% \ et al., 1993; Strelnikov et al., 2013), noise flour will hide out all fluctuations

| = = Tatarskii fit; € = 7e-04 W/kg +12%

i smaller than 0.002%. In the spectral domain, these measurements will look

103

10-2

Wavenumber [cycles'-m™!]

10! 10° like it is shown in Figure 12. The spectra will only be resolved between 10°
and ~1079, that is, include six decades of power which is a typical spectral

coverage for high-resolution measurements in atmosphere (e.g., Lehmacher

Figure 8. Same as Figure 5, but for an altitude of 83.109 km.

Spatial scale [m]
103 107

& Liibken, 1995; Liibken, 1992, 1997, Liibken et al., 1993; Soder et al., 2021;

Strelnikov et al., 2003, 2013, 2019). The green solid line in Figure 12 shows
the part of the spectrum above the noise level of 0.1% which will be fitted by a model. The vertical dashed line
shows the inner scale, that is, the visible part of the viscous (viscous-convective) subrange lies between the
dashed line and instrumental noise. The shown spectrum is normalized to have its maximum at 10° to simplify
the estimation of power change between maximum and noise level. It is seen, for example, that an increase of
the noise level by factor 10 reduces the visible (resolved by measurements) part of the spectrum by two orders of
magnitude. This is because the spectrum is proportional to the square of fluctuations (PSD « An?).

In the analyzed DNS data, the large-scale part of turbulence spectra (i.e., to the left of the dashed line in Figure 12)
reveals approximately 3—4 decades of power drop and 3.5 decades on average. Note, that it is not necessarily
that the inertial (inertial-convective) subrange covers all those large scales. The large-scale (small wavenumber)
limit of the inertial subrange does not affect the analysis results and is not discussed in this work. The analy-
sis technique only needs some part of the inertial subrange in the vicinity of the inner sale to be resolved by
measurements.

For the sensitivity study, we artificially cut the spectra derived from the DNS fluctuations data below the noise
level, as demonstrated in Figure 12 by the green line. Thereby the spectral models were fitted to the “measured”
(i.e., DNS) spectra which included inertial-convective subrange and only some part of the viscous-diffusive
subrange. By increasing the noise level we shortened the portion of the viscous-diffusive subrange that was used
in the fitting process. In this study, we utilized power spectra which covered 8, 6, and 4 orders of magnitude. This
approximately corresponds to power drop within the viscous-diffusive subrange of 4.5, 2.5, and 0.5 decades or
noise levels of 0.01%, 0.1%, and 1.0%, respectively. Note, that this is not a noise level in terms of a fraction of the
dynamical range of an instrument, but a fraction of the largest amplitude of fluctuations produced by turbulence.
It is, however, normally possible to relate these quantities in the frame of a defined experiment.

5.4.1. Developed Turbulence

Figures 13—15 show the original (i.e., calculated in DNS) and the recon-
structed dissipation fields, as well as the related statistical distributions,
similar to those shown in Figure 10. Power spectra used for derivation of

10!

1015

10-18

DNS; € = 3e-04 W/kg
—— Heisenberg fit; € = 9e-06 W/kg £10%
== = Tatarskii fit; € = 6e-05 W/kg £12% \

the e-fields shown in Figures 13—15 were limited to 8, 6, and 4 decades,
that is the viscous-diffusive subrange revealed approximately 4.5, 2.5, and
0.5 decades of power change, which is equivalent to noise levels of 0.01%,
0.1%, and 1.0%, respectively. For convenience, hereafter we will refer to
these limitations as to spectral coverage, keeping in mind that this describes
how much of the viscous subrange is resolved by the measurements.

I
!
i
i
NN

Results shown in these figures demonstrate the following tendencies:

Figure 9. Same as Figure 5, but for an altitude of 82.073 km.

1073

1072

Wavenumber [cycles:m™!]

1 1 1 .

o Too Reduction of spectral coverage (increasing noise level) continuously

increases bias in the estimation of ¢ using Tatarskii spectral model
2. Sensitivity of the Tatarskii model to low energy dissipation rates reduces
with the reduction of spectral coverage (an increase of noise level)
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Figure 10. 2D-fields of the kinetic energy dissipation rates. Panel (a) shows the “true” direct numerical simulation (DNS) data used as reference (the same as
Figure 1c). DNS-time = 11.5, that is, for well-developed turbulence. Panels (b and c) show analysis results using Tatarskii and Heisenberg models, respectively. Lighter
colors correspond to higher e-values. Panel (d) shows the same data as in panels (a—c), but as histograms of e-distributions and fitted PDFs. Vertical dashed lines show

medians of corresponding data sets (here the DNS and Tatarskii results almost coincide and are hardly distinguishable).
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Figure 11. Same as Figure 10, but for direct numerical simulation -time = 20.0, that is, for decaying turbulence.
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Figure 12. Schematics of power spectra measured with different resolutions.

Instrumental noise will cut the measured spectrum as demonstrated by the

green line.

vertical

Heisenberg model is less sensitive to the spectral coverage (noise level)
within these limits (i.e., demonstrates similar results independent of how
much of the viscous subrange is used for the fit)

At spectral coverage of 2.5 decades (noise level of 0.1%) both models
demonstrate very similar results. This is in accord with the earlier
comparisons by Liibken (1992, 1997) and Liibken et al. (1993)

For spectral coverage of 0.5 decades (noise level of 1%) median of
Heisenberg model results lie closer to the median of the true e-values
than the Tatarskii results

At the same time, all other features characteristic for an idealized analy-
sis of developed turbulence shown in the previous sections, which do not
contradict the 5 listed here items, remain valid

5.4.2. Decaying Turbulence

Next, in Figures 16—18 we show results of the same sensitivity study, but
applied to decaying turbulent structures (DNS time ¢ = 20). Interestingly,
these results show the same features and lead us to the same conclusions
summarized in the previous section. Only a small correction to the last item

in that list has to be kept in mind, that the list of the mentioned properties must be extended by the features, char-
acteristic for a decaying structure described at the end of Section 5.3.

5.4.3. Poorly Resolved Viscous Subrange

Further decrease of the spectral range used for the e-derivation gradually increases the negative tendencies of the
spectral model analysis technique described above, regardless of a particular model used. The main of them are,
that precision of the derived e-values becomes very low and the analysis technique becomes almost insensitive to

low energy dissipation rates. Since the large-scale part of the spectra (i.e., down to scale /;) sometimes includes

up to four decades of power drop, the spectral coverage of fewer than four decades can completely cut the
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Figure 13. Same as Figure 10, but for noised spectra with 4.5 decades of visible power within the viscous subrange (noise level of 0.01%).
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Figure 14. Same as Figure 10, but for noised spectra with 2.5 decades of visible power within the viscous subrange (noise level of 0.1%).
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Figure 15. Same as Figure 10, but for noised spectra with 0.5 decades of visible power within the viscous subrange (noise level of 1%).
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Figure 16. Same as Figure 11, but for noised spectra with 4.5 decades of visible power within the viscous subrange (noise level of 0.01%).
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Figure 17. Same as Figure 11, but for noised spectra with 2.5 decades of visible power within the viscous subrange (noise level of 0.1%).
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Figure 18. Same as Figure 11, but for noised spectra with 0.5 decades of visible power within the viscous subrange (noise level of 1%).

viscous-diffusive subrange. In such a case, the fitting process either does not converge or results in a huge fitting
error.

5.5. Errors and Biases
5.5.1. Full Spectral Coverage (Low Instrumental Noise)

Statistical basis for analysis of a 2D-slice of the dissipation field discussed in Section 5.3 consists of ~16.6 and
~3.4 millions e-values for DNS times 11.5 and 20, respectively. Rigorous derivation of measurement error when
applying the spectral model analysis technique to measured spectra of density fluctuations was addressed by
Hillert et al. (1994). They showed that the value of e-error (A7) can be obtained by a proper derivation of the
fitting error when applying the least squares technique. However, their error propagation analysis only accounts
for the precision of measurements of the tracer and uncertainties in spectral analysis. The fitting errors for our
DNS data, are relatively small owing to smooth spectra—a consequence of the idealized measurements. Median
fitting errors for both DNS times 11.5 and 20 are 12% and 29% for the Heisenberg and Tatarskii models, respec-
tively. Note, that when spectral models are fitted to turbulent spectra measured in the atmosphere, the fitting
errors normally exceed 30% and often reach ~100%.

Our goal here is to account for the entire scope of possible uncertainties including biases introduced by the spec-
tral models. To assess the distribution of the e-derivation errors we analyzed ratios of the derived to the true values
of the energy dissipation rates: £/ePNS and £7/ePNS, Figure 19 shows these results for active turbulence case (DNS
time = 11) in more detail. Bi-dimensional histograms of the two data samples, the derived energy dissipation
rates T vs. the ratios £™7/ePNS are shown in the middle panels of Figures 19a and 19b. The corresponding distri-
butions of ePNS, £, and &7 are shown on the top panels (the same as in Figure 10d).

The bi-dimensional histograms show how the measurement errors (represented by the ratios £77/ePNS) are distrib-
uted along with the distributions of the derived £#T-values (shown in the upper sub-panels). The dashed lines
plotted on top of the bi-dimensional histograms show the upper and lower quartiles of the error distributions. That
is, the peak of the error distributions for a particular range of e-values lies between the dashed lines. Also, 50%
of all the e-values derived within this range lie between the dashed lines and are often referred to as interquartile
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Figure 19. Distributions of the derived energy dissipation rates and of the errors (represented by the ratios £:7/ePNS) in logarithmic scale. The left (a) and right (b)
subfigures are for the Heisenberg and Tatarskii models, respectively. Middle panels: Bi-dimensional histograms of the derived energy dissipation rates (¢#7) and of the
measurement errors (£7/ePNS). Solid horizontal lines show the ratio %7/ePNS = 1. The dashed lines show upper and lower quartiles of the respective ratio 7/ePNS,
that is, the area between dashed lines shows the interquartile range for the e-derivation error. The dotted line shows the median error. Upper panels: Distributions of £,
e, and €PN in blue, green, and orange, respectively. Right-hand-side panels: Distributions of the ratios £”7/¢PNS. Red color in the mid- and right-panels shows selection
of data with errors within one decade around the zero-line: —0.5 < log,("7/eP™%) < 0.5. Red histograms show distributions of errors for the selection of data. The
black dotted lines show the lower and upper quartiles for red histograms.

range (IQR). The dotted lines plotted on the bi-dimensional histograms show medians of the measurement errors
(i.e., of the ratios £7/ePNS). The horizontal solid zero lines in the middle panels of Figure 19 show the ratios of
eMT/eDPNS = 1, that is where the derived dissipation rates equal the true (¢°™%) value. The right-hand-side panels
show histograms of the ratios log,(¢7/ePNS) for the entire data sets and selection of data around the zero line.
The selection was made to mark the region of &-values where analysis yields the most precise results and to see
how the distribution of errors in this region looks like.

Thus, it is seen from Figure 19 that the results of analysis using Tatarskii model reveal lowest errors in the
range of e-values ~1073—~10~! Wkg~'. Within this range, 50% of the derived e-values (IQR) have errors lower
than half-decade. Whereas for the Heisenberg model the same error is only achieved in the range 1072 < & <
10~! Wkg~". It is also remarkable, that most of the lowest e-values (e.g., all of them beyond the ePNS-distribution)
are underestimated whereas the highest values are mostly overestimated.

5.5.2. Limited Spectral Coverage or Dependence on Instrumental Noise

The errors of the energy dissipation rate derivation discussed in the previous section are only relevant for ideal-
ized measurements when measured spectra are well resolved down to the smallest scales. To assess the accuracy
of the spectral model technique for real measurements we made a series of analyses with artificially reduced
resolutions in Section 5.4. From every of those results one can derive the same ratios, that is, £7/ePNS and £7/ePNS,
for every derived point (i.e., e-value). In Sections 5.3 and 5.4, we showed results of analysis of eight 2D e-fields
for every spectral model, that is, sixteen e-surfaces in total.

Based on the whole statistics of all the derived ¢-values, we derived median and lower and upper quartiles for the
ratios £7/ePNS (i.e., the same as Figure 19, but for different resolutions and DNS-times). Thereby we analyzed
how many of the derived energy dissipation rates lie close to the true value. It appears that different parts of the
e-distribution reveal systematically similar biases for different resolutions and times.

STRELNIKOV ET AL. 16 of 23



Journal of Geophysical Research: Atmospheres 10.1029/2021JD035516

logio €7/ePN5)

-4

-2
l0g1o €7, W-kg™?) like that one in Figure 20 are shown for every spectral model. The abscissa

To simplify the representation of these results we only consider the median
of the ratios £/7/ePNS, Figure 20 further shows the same curve as the dotted
line in the middle panel of Figure 19b (i.e., the median of e-error along the
e-distribution) and aims to help in the understanding of the derived statistics.
Color-coding (of both line and colorbar) mirrors the ordinate axis. The data

o = N W~ U O

were split into ranges of one decade starting from zero and stepping to both
positive and negative sides. One special range of 0.0 + 0.5 decade is addi-

logo £7/€0M5)

-2 tionally marked by white color. Such a curve was made for every instance
-3 of our analysis, that is, for different noise levels (i.e., spectral coverage),
DNS-times, and spectral models.

: : -6 Figure 21 shows a compilation of these analysis results, where eight curves

in Figure 21 shows energy dissipation rates in logarithmic scale, log,,(¢), and

Figure 20. Example of the derived e-error represented by the ratio in the orange curves schematically show the PDFs of the £PNS-distributions.

logarithmic scale: log,(e7/eP™S). Color-coding of both line and colorbar
mirrors the ordinate axis. White color shows range of £#-T-values where their
error falls within half-decade interval: —0.5 < log,,(¢7/eP™S) < 0.5. Red and

Upper and lower panels in Figures 21a and 21b show results for active and
decaying turbulence (DNS times 11.5 and 20), respectively. Left and right

blue colors show regions where derived €7 are over- and underestimated, panels (Figures 21a and 21b) show results for the Heisenberg and Tatarskii

respectively.

0.5
2.5
4.5
full
0.5

2.5

power above noise in viscous subrange, decades

spectral model, respectively. Reddish colors show regions where the ratios
£fT[ePNS are greater than unity, that is the derived values £” and &7 are over-
estimated. Blueish colors show regions where the derived energy dissipation
rates are underestimated. Gray color marks region outside the derived range
of values.

The error analysis shown in Figure 21 reveals several features. Thus, for example, it is seen, that the right part
of the e-distributions (i.e., values to the right side of the median) are more precisely reproduced by both spectral
models than low e-values. The best precision is achieved by applying the Tatarskii model to data with low noise
levels. Decrease in spectral coverage (i.e., increasing instrumental noise) reduces overall precision of the Tatarskii
model results. However, the Tatarskii model shows higher precision than the Heisenberg model for instrumen-
tal noise levels above 0.1%, that is, when viscous subrange reveals more than 2.5 decades of power above the
noise level. The Heisenberg model, in turn, demonstrates robustness to increasing instrumental noise. If spectral
coverage of viscous-convective subrange is decreased to approximately 2.5-2 decades above the noise level, both
models demonstrate quite similar results. Although, within a small range of ¢-values Tatarskii model may reveal
slightly lower e-estimates than it will be inferred from the Heisenberg model. At the highest noise level when
the viscous-convective subrange reveals ~0.5 decade of power drop Tatarskii model shows some more under-
estimates than the Heisenberg model does. At the same time for such noisy data, both models show somewhat
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Figure 21. Ratios of the derived to true energy dissipation rates in logarithmic scale: log,,(¢/:7/PS) shown by colors as a function of £#7-value (abscissa) and spectral
resolution (ordinate). White color shows range of ¢f7-values where their error falls within half-decade interval: — 0.5 < log,,(¢7/eP™5) < 0.5. Red and blue colors
show regions where derived &7 are over- and underestimated, respectively. Orange Gaussians schematically show PDF(¢PN5).
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least accurate results. Figure 21 also demonstrates that most of the £PNS-distribution can be approximated by both
models with an uncertainty of less than one decade, even when the measured spectra are poorly resolved (i.e.,
only show half-decade of the viscous-convective subrange).

6. Discussion

Despite all mentioned imperfections of the spectral model turbulence analysis technique, the analysis results
in the regions of moderate to strong dissipation reveal very good agreement with the reference DNS fields.
Although the energy dissipation rates are underestimated in the regions of weak turbulence, a general morphol-
ogy of turbulence in these regions is still reconstructed. That is, if a layer of weak dissipation appears in the DNS
data, it also appears in the analysis, though the absolute e-values are smaller.

The results of the assessment of the precision of spectral model turbulence analysis technique shown in previous
sections suggest that if measurements allow resolving more than two decades of power for viscous-convective
subrange above the noise level, making use of the Tatarskii model yields better overall precision and lower biases
at the edges of the actual e-distribution. Also, it better resolves structures in regions where turbulence reveals low
dissipation. The higher the spectral resolution of the measurement technique is, the more sensitive is the Tatarskii
model to the fine structure of weak dissipation. The best resolved fine structure of turbulence is achieved when
the Tatarskii model is applied to the highly resolved spectra, which reveal about six and more decades of power
change in the viscous (viscous-diffusive) subrange. However, even in this case, in regions of very weak turbu-
lence analysis underestimates the magnitude of its dissipation considerably. Also, not all fine structure of weak
dissipation is reconstructed by the best results of this analysis. The reason for this insensitivity is the limitation
of the wavelet spectral analysis technique in the precision of assessment of amplitudes when resolving very
fast-changing spectral content. Or, in other words, smoothing properties of the wavelet analysis (e.g., Torrence
& Compo, 1998). In this analysis, we applied the Morlet wavelet function of sixths order (e.g., Grossmann &
Morlet, 1984) which yields the highest time resolution which is in our case the spatial (altitude) resolution. This
represents the main natural limitation of the spectral model turbulence analysis technique. This limitation is due
to the width of the wavelet function in the time domain (equivalently spatial domain in our case) leading to that at
a given frequency (or wavenumber) the resulting spectral amplitude of a time series under analysis represents an
average over a range of the nearest points which is defined by the width of the wavelet function.

Another reason for deviations of the derived energy dissipation rates from the true &-field is the “measurement
technique”. As noted in Section 2, the measurements are done as a 1D section of the 3D structures. We recall, that
the true dissipation field is derived from all three dimensions, that is it accounts for gradients in the fluctuation
field perpendicular to the direction of sounding. This can be seen, for example, from Figures 3 and 8 where the
good spectral fits yield energy dissipation rates which deviate from the true £PNS-value. This is the reason why
energy dissipation rate profiles derived by the spectral model analysis technique shown in Figures 2 and 3 do not
exactly reproduce the reference profile £PNS. To address this principal problem in the frame of the spectral model
technique it is not only necessary to make 3D soundings, but also to find (either analytically or empirically) a
proper 3D spectral function that adequately describes scalar (velocity) spectra in the entire universal range.

The next potential source of uncertainty or biases in the estimation of turbulence energy dissipation rates employ-
ing the spectral model technique is the precision of the spectral functions used. The main requirement of these func-
tions is to relate the turbulence kinetic energy dissipation rate with the region of transition from inertial to viscous
subranges in wavenumber (or frequency) space as precisely as possible. Whereas it is generally accepted that the
inertial (inertial-convective) subrange is precisely described by the k=53 power law, there is still no theory that
unambiguously defines the spectral function for the viscous (viscous-diffusive) subrange. In fact, there are many
suggestions how to describe spectral form in the viscous subrange (e.g., Driscoll & Kennedy, 1981, 1983, 1985;
Gorshkov, 1966; Grant et al., 1962b; Heisenberg, 1948; Hill, 1978; Kovasznay, 1948; Novikov, 1961; Smith &
Reynolds, 1991; Tchen, 1973, 1975, and many other). However, none of those has received a universally satis-
factory confirmation by experiments. All the more uncertain is the approximation of the transition from inertial
(inertial-convective) to viscous (viscous-diffusive) subrange in the existing spectral models. This transition is
described by interpolation formulas which are not based on physical reasoning but are merely a mathematical
convenience.
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Since the statistical properties of the viscous subrange are defined by the two physical quantities, £ and #, the tran-
sition scale [, (transition wavenumber k) must also be defined by these two parameters (e.g., Gurvich et al., 1967;
Hinze, 1975; Tatarskii, 1971). For both Heisenberg and Tatarskii models, this dependence is expressed by Equa-
tion 3, which states that the transition (inner) scale / OH T is proportional to the Kolmogorov scale (see e.g., Gurvich
et al., 1967, for a review on this proportionality). The proportionality constant C*#7 is of the order 10 as was
also noted in early works (e.g., Grant et al., 1962a; Gurvich et al., 1976, 1967; Hinze, 1975; MacCready, 1962;
Pond et al., 1963; Tatarskii, 1971). The range of the suggested values span between 8 and 15 (see e.g., Gurvich
et al., 1967). The Kolmogorov scale, in turn, is inversely proportional to 1/4 degree of the energy dissipation
rate (i o £¥), which makes small changes of I, to produce large variations of ¢. The constants C*7 derived by
Liibken (1992) and Liibken et al. (1993), in turn, depend on the constant a? or, equivalently, C;, which are known
with a limited precision, as discussed in Sections 2 and 7. The range of a? between 2.3 and 3.47, that is, between
the lowest possible value (see Section 7) and that one used in our calculations, yields C* between 7.3 and 9.9
and CT between 5.2 and 7.1. This implies an uncertainty of almost four decades for the derivation of & and one
decade for €. Herewith the lower values of constants C*7 yield lower ¢. That is, application of lower C*-val-
ues would introduce an additional negative offset to the derived £#’-distributions. Making use of the maximum
acceptable value for the constant a” of 4.02 (see Section 7) will yield e-values which are only twice or half as high
as the shown here e-values for the Heisenberg or Tatarskii model, respectively. Taking into account that analysis
results yield considerably more underestimates than overestimates, the choice of the constant a®> = 3.47 looks
quite well justified.

After a certain stage of evolution of a turbulence structure, every 2D slice of the DNS volumetric data includes
patches of active turbulence and also decaying structures. That is, the turbulence fields derived in this DNS are
highly intermittent (e.g., Fritts et al., 2013, 2009b). Detailed comparison of spectra and analysis results for weak
and strong, decaying and active turbulences, suggests that the relation between the inner scale /, and the energy
dissipation rate & given by Equation 3 may be oversimplified. At least, it does not exhibit sufficiently broad
universality. Also, the scaling law in wavenumber space for the viscous subrange and, therefore for the transition
region, is not precisely described by either of the models in all these considered cases. This fact, however, was
already known as a priori (see Section 2) and the spectral models were built upon the assumption of an active
and developed turbulence (e.g., Heisenberg, 1948; Hinze, 1975; Tatarskii, 1971). Thus, the better results of this
analysis for the developed structures with strong dissipation are somehow expected.

7. Summary

In this work, we estimated uncertainties and biases in the results of the spectral model turbulence analysis tech-
nique applied to in situ measured fluctuations of scalar quantities. Such measurements do only sample fluctu-
ations along one dimension, which forces experimentalists to apply generalized simplifications, for example,
to assume isotropy. This, in turn, introduces certain biases in estimated dissipation fields. Uncertainties were
determined by the application of the spectral model analysis technique to DNS data, in which e-fields can be
rigorously and uniquely determined.

The main results of this study can be summarized as follows.

1. The spectral model technique can reproduce morphology of turbulence field amazingly well and with suffi-
cient details

2. The Tatarskii model reveals high precision of the derived &-values in the range ~1073-10~! Wkg~! if meas-
urements resolve the viscous (viscous-convective) subrange for more than 2 decades of power change, which
approximately corresponds to a noise level of 0.1%

3. The Heisenberg model yields a good qualitative picture of the dissipation field, although it is stronger biased
than the Tatarskii model

A more detailed summary of the uncertainties of the spectral model technique is as follows.

1. This technique robustly detects regions of moderate to strong turbulence with very high precision

2. Kinetic energy dissipation rates derived within such regions reveal uncertainties of less than one order of
magnitude

3. Atleast 50% of those values lie in the 1-sigma interval of their derivation error
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4. The minimum spectral coverage needed to reliably apply spectral model technique only requires a half-decade
of power drop within viscous (viscous-convective) subrange (which corresponds to a noise level of 1% of
fluctuations' amplitude)

5. If the viscous (viscous-convective) subrange is resolved to reveal at least two decades of power drop, the
models of Heisenberg (1948) and Tatarskii (1971) demonstrate similar results and relatively high precision

6. If the viscous (viscous-convective) subrange is resolved within more than two decades of power change, the
model of Tatarskii (1971) shows more accurate results and reveals relatively high sensitivity to low e-values

7. The spectral model of Heisenberg (1948), on the other hand, is almost insensitive to the quality of measured
spectra (i.e., reveals near the same accuracy regardless of how much of the viscous subrange is resolved by
measurements)

Specifically for MLT, that is taking into account the applied scaling of the dimensionless DNS data we can addi-
tionally highlight several features.

1. Low values of energy dissipation rates, that is, ¢ <1 mW-kg~! are mostly underestimated, meaning that the
true e-value can exceed the measured ones

2. Very high values of energy dissipation rates, that is, &£ 210 W-kg~! are strongly overestimated

3. If the derived energy dissipation rates lie in the range between ~2 X 107> Wkg~! and ~ 1 Wkg™!, their value
does not deviate from the true e-value by more than one decade with a probability of 50%

With all the uncertainties critically discussed above, the spectral model analysis technique of in situ measure-
ments reproduces the e-reference fields not only amazingly well, but also in much more detail compared to other
techniques available for atmospheric or oceanographic turbulence soundings.

Appendix A: Uncertainties of Constants Used in Spectral Functions

Equations 6 and 7 show that the constants f, and a? are explicitly used to derive the constant C which connects
the inner scale /; and the energy dissipation rate £. The constant f, was introduced by Liibken (1992) to make
it possible to apply the same formulae for both energy (i.e., velocity) and scalar spectra. For energy and scalar
spectra, f, takes values of 1 and 2, respectively. The constant a” is somewhat worse defined. It appears from the
derivation of the Obukhov-Corrsin law for the inertial subrange when comparing different derivation approaches.
Constant @, in particular can be related to the Obukhov-Corrsin constant C‘; as (see e.g., Tatarskii et al., 1992):

c = I(5/3)sin(z/3)

a* ~0.1244 . & (A1)
2

Since in the inertial-convective subrange the 3D-spectrum has the same form as the 1D-spectrum, it must be
distinguished between the Obukhov-Corrsin constants for these cases, with C, replaced by a different constant C,,
for 3D spectrum. Isotropy implies that they are related as (e.g., Hill, 1978; Sreenivasan, 1996):

Cy=(5/3)-Cy (A2)

From the derivation of the Obukhov-Corrsin law, it follows that the Obukhov-Corrsin constant must reveal a univer-
sality, thatis it must be valid for different types of turbulence (grid, wind tunnel, free atmosphere, ocean) and differ-
ent type scalars. As for now, a huge experimental work has been done to measure the Obukhov-Corrsin constant
at different conditions. An extensive review of different measurements has been made by Sreenivasan (1996) who
concluded that most of C;-values lie in a band between 0.3 and 0.5, suggesting a mean value of about 0.4. On the
other hand, Tatarskii et al. (1992) also reviewed a large set of measurements and compared them with a revised
version of the Hill (1978) and Tatarskii (1971) spectral models. They found that a solution of the system of
equations exists only for a® < 2.8. Tatarskii et al. (1992) also concluded that to obtain a good agreement between
the experimental values for temperature spectra with the Hill (1978)'s bump and theory, it is necessary to choose
the value a? = 2.3. These two works together imply that for range of Obukhov-Corrsin constants Cy;=03-05
(C, = 0.5-0.83) corresponds range of values a? = 2.41-4.02, whereas the maximal suggested value of a* = 2.8
yields C.; =0.35, Cy = 0.58, that is, it falls in the middle of the range recommended by Sreenivasan (1996). The
recommended by Tatarskii et al. (1992) value of a*> = 2.3 corresponds to the C.; =0.29 (C, = 0.48), that is, lies
just at the lowest limit recommended by Sreenivasan (1996).
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Gurvich et al. (1965) published early measurements of a> which reveal values in the range a?> = 2.3-2.8 and noted
that other researches derived lower values.

Based on the work of Hill and Clifford (1978) and Liibken (1992) chose value of Cy = 0.72 which corresponds
to 1D constant C; = 0.43, which according to Equation 11 must imply a?> = 3.47. Liibken (1992)'s 3D-to-1D
conversion factor for the Obukhov-Corrsin constant was 0.424 which lead him to the a? = 1.74. This, however,
was compensated by the normalization constant f, = 2 which, eventually implies the same (i.e., correct) result (f,
X a? = 3.47) used in Liibken's spectral models.

Data Availability Statements

The program source code of the spectral models used in this study in Python, IDL, and Matlab can be downloaded
from Strelnikov (2021).

References

Andreassen, @., @yvind Hvidsten, P., Fritts, D. C., & Arendt, S. (1998). Vorticity dynamics in a breaking internal gravity wave. Part 1. Initial
instability evolution. Journal of Fluid Mechanics, 367(1), 27-46. https://doi.org/10.1017/S0022112098001645

Arendt, S. (1998). Kelvin twist waves in the transition to turbulence. European Journal of Mechanics B Fluids, 17(4), 595-604. https://doi.
org/10.1016/S0997-7546(98)80014-9

Arendt, S., Fritts, D. C., & Andreassen, @. (1997). The initial value problem for Kelvin vortex waves. Journal of Fluid Mechanics, 344(1),
181-212. https://doi.org/10.1017/S0022112097005958

Batchelor, G. K. (1959). Small-scale variation of convected quantities like temperature in turbulent fluid. Part 1. General discussion and the case
of small conductivity. Journal of Fluid Mechanics, 5, 113-133. https://doi.org/10.1017/S002211205900009X

Blix, T., Bekkeng, J., Latteck, R., Liibken, F.-J., Rapp, M., Schich, A., & Strelnikov, B. (2003). Rocket probing of PMSE and NLC— Results from
the recent MIDAS/MaCWAVE campaign. Advances in Space Research, 31(9), 2061-2067. https://doi.org/10.1016/S0273-1177(03)00229-1

Blix, T. A., Thrane, E. V., & Andreassen, O. (1990). In situ measurements of the fine-scale structure and turbulence in the mesosphere and lower
thermosphere by means of electrostatic positive ion probes. Journal of Geophysical Research: Atmospheres, 95, 5533-5548. https://doi.
0rg/10.1029/JD095iD05p05533

Chandra, H., Sinha, H. S. S., Patra, A. K., Das, U., Selvaraj, D., Misra, R. N., & Datta, J. (2012). Low-latitude mesospheric turbulence investigated
using coordinated MST radar and rocket-borne observations from India. Journal of Geophysical Research: Atmospheres, 117(D22). https://
doi.org/10.1029/2011JD016946

Croskey, C. L., Mitchell, J. D., Goldberg, R. A., Blix, T. A., Rapp, M., Latteck, R., & Smiley, B. (2004). Coordinated investigation of plasma
and neutral density fluctuations and particles during the MaCWAVE/MIDAS summer 2002 program. Geophysical Research Letters, 31(24).
https://doi.org/10.1029/2004GL020169

Das, U., Sinha, H. S. S., Sharma, S., Chandra, H., & Das, S. K. (2009). Fine structure of the low-latitude mesospheric turbulence. Journal of
Geophysical Research: Atmospheres, 114, D10111. https://doi.org/10.1029/2008JD011307

Driscoll, R. J., & Kennedy, L. A. (1981). Spectral transfer and velocity derivative skewness equation for a turbulent velocity field. Physics of
Fluids, 24, 1428-1430. https://doi.org/10.1063/1.863561

Driscoll, R. J., & Kennedy, L. A. (1983). A model for the turbulent energy spectrum. Physics of Fluids, 26, 1228-1233. https://doi.
org/10.1063/1.864272

Driscoll, R. J., & Kennedy, L. A. (1985). A model for the spectrum of passive scalars in an isotropic turbulence field. Physics of Fluids, 28, 72-80.
https://doi.org/10.1063/1.865128

Fritts, D. C., Arendt, S., & Andreassen, @. (1998). Vorticity dynamics in a breaking internal gravity wave. Part 2. Vortex interactions and transi-
tion to turbulence. Journal of Fluid Mechanics, 367(1), 47-65. https://doi.org/10.1017/S0022112098001633

Fritts, D. C., Bizon, C., Werne, J. A., & Meyer, C. K. (2003). Layering accompanying turbulence generation due to shear instability and gravi-
ty-wave breaking. Journal of Geophysical Research: Atmospheres, 108(D8), 8452. https://doi.org/10.1029/2002JD002406

Fritts, D. C., Vadas, S. L., Wan, K., & Werne, J. A. (2006). Mean and variable forcing of the middle atmosphere by gravity waves. Journal of
Atmospheric and Solar-Terrestrial Physics, 68(3-5), 247-265. https://doi.org/10.1016/j.jastp.2005.04.010

Fritts, D. C., & Wang, L. (2013). Gravity wave-fine structure interactions. Part II: Energy dissipation evolutions, statistics, and implications.
Journal of the Atmospheric Sciences, 70(12), 3735-3755. https://doi.org/10.1175/JAS-D-13-059.1

Fritts, D. C., Wang, L., Baumgarten, G., Miller, A. D., Geller, M. A., Jones, G., & Vinokurov, J. (2017). High-resolution observations and mode-
ling of turbulence sources, structures, and intensities in the upper mesosphere. Journal of Atmospheric and Solar-Terrestrial Physics, 162,
57-78. https://doi.org/10.1016/j.jastp.2016.11.006

Fritts, D. C., Wang, L., & Werne, J. A. (2013) Gravity wave-fine structure interactions. Part I: Influences of fine structure form and orientation on
flow evolution and instability. Journal of the Atmospheric Sciences, 70(12), 3710-3734. https://doi.org/10.1175/JAS-D-13-055.1

Fritts, D. C., Wang, L., Werne, J., Lund, T., & Wan, K. (2009a). Gravity wave instability dynamics at high Reynolds numbers. Part II: Turbulence
evolution, structure, and anisotropy. Journal of the Atmospheric Sciences, 66, 1149. https://doi.org/10.1175/2008JAS2727.1

Fritts, D. C., Wang, L., Werne, J., Lund, T., & Wan, K. (2009b). Gravity wave instability dynamics at high Reynolds numbers. Part I: Wave field
evolution at large amplitudes and high frequencies. Journal of the Atmospheric Sciences, 66, 1126. https://doi.org/10.1175/2008JAS2726.1

Gorshkov, N. (1966). Regarding turbulence energy spectrum at large wavenumbers. Izvestiya Akademii Nauk SSSR, Atmospheric and Oceanic
Physics. 2(9), 989-992.

Grant, H. L., Stewart, R. W., & Moilliet, A. (1962a). Turbulence spectra from a tidal channel. Journal of Fluid Mechanics, 12, 241-268. https://
doi.org/10.1017/S002211206200018X

Grant, H. L., Stewart, R. W., & Moilliet, A. (1962b). Turbulence spectra from a tidal channel. Journal of Fluid Mechanics, 12, 241-268. https://
doi.org/10.1017/S002211206200018X

STRELNIKOV ET AL.

21 of 23


https://doi.org/10.1017/S0022112098001645
https://doi.org/10.1016/S0997-7546(98)80014-9
https://doi.org/10.1016/S0997-7546(98)80014-9
https://doi.org/10.1017/S0022112097005958
https://doi.org/10.1017/S002211205900009X
https://doi.org/10.1016/S0273-1177(03)00229-1
https://doi.org/10.1029/JD095iD05p05533
https://doi.org/10.1029/JD095iD05p05533
https://doi.org/10.1029/2011JD016946
https://doi.org/10.1029/2011JD016946
https://doi.org/10.1029/2004GL020169
https://doi.org/10.1029/2008JD011307
https://doi.org/10.1063/1.863561
https://doi.org/10.1063/1.864272
https://doi.org/10.1063/1.864272
https://doi.org/10.1063/1.865128
https://doi.org/10.1017/S0022112098001633
https://doi.org/10.1029/2002JD002406
https://doi.org/10.1016/j.jastp.2005.04.010
https://doi.org/10.1175/JAS-D-13-059.1
https://doi.org/10.1016/j.jastp.2016.11.006
https://doi.org/10.1175/JAS-D-13-055.1
https://doi.org/10.1175/2008JAS2727.1
https://doi.org/10.1175/2008JAS2726.1
https://doi.org/10.1017/S002211206200018X
https://doi.org/10.1017/S002211206200018X
https://doi.org/10.1017/S002211206200018X
https://doi.org/10.1017/S002211206200018X

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD035516

Grossmann, A., & Morlet, J. (1984). Decomposition of Hardy functions into square integrable wavelets of constant shape. SIAM Journal on
Mathematical Analysis, 15(4), 723-736.

Gurvich, A. S., Kon, A. I, Mironov, V. L., & Khmelevtsov, S. S. (1976). Laser radiation in turbulent atmosphere. Nauka.

Gurvich, A. S., Koprov, B., Tsvang, L., & Yaglom, A. (1967). Empirical data on the small-scale structure of atmospheric turbulence. In A.
Yaglom, & V. Tatarsky (Eds.), Atmospheric turbulence and radio wave propagation. Nauka.

Gurvich, A. S, Tsvang, L. R., & Yaglom, A. M. (1965). Empirical data on the small-scale structure of atmospheric turbulence. Doklady Akademii
Nauk SSSR, 21.

Haack, A., Gerding, M., & Liibken, F.-J. (2014). Characteristics of stratospheric turbulent layers measured by LITOS and their relation to the
Richardson number. Journal of Geophysical Research: Atmospheres, 119(18), 10605-10618. https://doi.org/10.1002/20131D021008

Heisenberg, W. (1948). Zur statistischen theorie der turbulenz. Zeitschrift fur Physik, 124, 628-657. https://doi.org/10.1007/BF01668899

Hill, R. J. (1978). Models of the scalar spectrum for turbulent advection. Journal of Fluid Mechanics, 88, 541-562. https://doi.org/10.1017/
S002211207800227X

Hill, R. J., & Clifford, S. F. (1978). Modified spectrum of atmospheric temperature fluctuations and its application to optical propagation. Journal
of the Optical Society of America, 68(7), 892-899.

Hillert, W., Liibken, F.-J., & Lehmacher, G. (1994). TOTAL: A rocket-borne instrument for high-resolution measurements of neutral air turbu-
lence during DYANA. Journal of Atmospheric and Terrestrial Physics, 56(13), 1835-1852. https://doi.org/10.1016/0021-9169(94)90013-2

Hinze, J. O. (1975). Turbulence. McGraw-Hill. Retrieved from http://isbnplus.org/9780070290372

Hocking, W. K. (1999). The dynamical parameters of turbulence theory as they apply to middle atmosphere studies. Earth, Planets and Space,
51(7-8), 525-541.

Kelley, M. C., Kruschwitz, C. A., Gardner, C. S., Drummond, J. D., & Kane, T. J. (2003). Mesospheric turbulence measurements from persistent
Leonid meteor train observations. Journal of Geophysical Research: Atmospheres, 108(D8). https://doi.org/10.1029/2002JD002392

Kovasznay, L. S. G. (1948). Spectrum of locally isotropic turbulence. Journal of the Aeronautical Sciences, 15(12), 745-753. https://doi.
org/10.2514/8.11707

Lehmacher, G. A., Croskey, C. L., Mitchell, J. D., Friedrich, M., Liibken, F.-J., Rapp, M., et al. (2006). Intense turbulence observed above a meso-
spheric temperature inversion at equatorial latitude. Geophysical Research Letters, 33(8), L08808. https://doi.org/10.1029/2005GL024345

Lehmacher, G. A., Larsen, M. F., Collins, R. L., Barjatya, A., & Strelnikov, B. (2018). On the short-term variability of turbulence and temperature
in the winter mesosphere. Annales Geophysicae, 36(4), 1099-1116. https://doi.org/10.5194/angeo-36-1099-2018

Lehmacher, G. A., & Liibken, F.-J. (1995). Simultaneous observation of convective adjustment and localized turbulence production in the meso-
sphere. Geophysical Research Letters, 22, 2477-2480.

Liibken, F.-J. (1992). On the extraction of turbulent parameters from atmospheric density fluctuations. Journal of Geophysical Research: Atmos-
pheres, 97(D18), 20385-20395.

Liibken, F.-J. (1993). Experimental results on the role of turbulence for the heat budget of the upper atmosphere (pp. 93-51). Bonn University.

Liibken, F.-J. (1997). Seasonal variation of turbulent energy dissipation rates at high latitudes as determined by in situ measurements of neutral
density fluctuations. Journal of Geophysical Research: Atmospheres, 102, 13441-13456.

Liibken, F.-J., Hillert, W., Lehmacher, G., & von Zahn, U. (1993). Experiments revealing small impact of turbulence on the energy budget of the
mesosphere and lower thermosphere. Journal of Geophysical Research: Atmospheres, 98, 20369-20384.

Liibken, F.-J., Rapp, M., & Hoffmann, P. (2002). Neutral air turbulence and temperatures in the vicinity of polar mesosphere summer echoes.
Journal of Geophysical Research: Atmospheres, 107(D15), ACL9-1-ACL9-10. https://doi.org/10.1029/2001JD000915

MacCready, P. B. Jr. (1962). The inertial subrange of atmospheric turbulence. Journal of Geophysical Research, 67(3), 1051-1059. https://doi.
0rg/10.1029/JZ067i003p01051

Nappo, C. J. (2002). An introduction to atmospheric gravity waves (Vol. 85).

Novikov, E. A. (1961). About energy spectrum of turbulent flow of incompressible fluid. Doklady Akademii Nauk SSSR, 139, 331-334. Retrieved
from http://mi.mathnet.ru/dan25253

Obukhov, A. M. (1949). Structure of the temperature field in turbulent flow. Izvestiya Akademii Nauk SSSR, Ser. Geograf. Geofiz., 13, 58—69.

Obukhov, A. M. (1988). Turbulence and dynamics of atmosphere. Leningrad: Gidrometeoizdat. Retrieved from ISBN:5-286-00059-2.

Pond, S., Stewart, R. W., & Burling, R. W. (1963). Turbulence spectra in the wind over waves. Journal of the Atmospheric Sciences, 20(4),
319-324. https://doi.org/10.1175/1520-0469(1963)020)<0319:TSITWO>2.0.CO;2

Rapp, M, Strelnikov, B., Miillemann, A., Liibken, F.-J., & Fritts, D. C. (2004). Turbulence measurements and implications for gravity wave dissi-
pation during the MacWave/MIDAS rocket program. Geophysical Research Letters, 31. https://doi.org/10.1029/2003GL019325

Reid, W. H. (1960). One-dimensional equilibrium spectra in isotropic turbulence. Physics of Fluids, 3, 72-77. https://doi.org/10.1063/1.1706005

Schneider, A., Gerding, M., & Liibken, F.-J. (2015). Comparing turbulent parameters obtained from LITOS and radiosonde measurements.
Atmospheric Chemistry and Physics, 15,2159-2166.

Schneider, A., Wagner, J., Soder, J., Gerding, M., & Liibken, F.-J. (2017). Case study of wave breaking with high-resolution turbulence measure-
ments with LITOS and WRF simulations. Atrmospheric Chemistry and Physics, 17(12), 7941-7954. https://doi.org/10.5194/acp-17-7941-2017

Smith, L. M., & Reynolds, W. C. (1991). The dissipation-range spectrum and the velocity-derivative skewness in turbulent flows. Physics of
Fluids A: Fluid Dynamics, 3(5), 992-994. https://doi.org/10.1063/1.857979

Saoder, J., Gerding, M., Schneider, A., Dornbrack, A., Wilms, H., Wagner, J., & Liibken, F.-J. (2019). Evaluation of wake influence on high-reso-
lution balloon-sonde measurements. Atmospheric Measurement Techniques, 12, 4191-4210. https://doi.org/10.5194/amt-12-4191-2019

Saoder, J., Ziilicke, C., Gerding, M., & Liibken, F.-J. (2021). High-resolution observations of turbulence distributions across tropopause folds.
Journal of Geophysical Research: Atmospheres, 126(6), €2020JD033857. https://doi.org/10.1029/2020JD033857

Sreenivasan, K. R. (1996). The passive scalar spectrum and the Obukhov-Corrsin constant. Physics of Fluids, 8(1), 189-196. https://doi.
org/10.1063/1.868826

Staszak, T., Strelnikov, B., Latteck, R., Renkwitz, T., Friedrich, M., Baumgarten, G., & Liibken, F.-J. (2021). Turbulence generated small-scale
structures as PMWE formation mechanism: Results from a rocket campaign. Journal of Atmospheric and Solar-Terrestrial Physics, 217,
105559. https://doi.org/10.1016/j jastp.2021.105559

Strelnikov, B. (2021). Source code of the turbulence spectral models of Heisenberg and Tatarskii in Python, IDL, and Matlab [Dataset]. RADAR—
Research Data Repository. https://doi.org/10.22000/504

Strelnikov, B., Eberhart, M., Friedrich, M., Hedin, J., Khaplanov, M., Baumgarten, G., et al. (2019). Simultaneous in situ measurements of small-
scale structures in neutral, plasma, and atomic oxygen densities during the WADIS sounding rocket project. Atmospheric Chemistry & Physics,
19(17), 11443-11460. https://doi.org/10.5194/acp-19-11443-2019

Strelnikov, B., Rapp, M., & Liibken, F.-J. (2003). A new technique for the analysis of neutral air density fluctuations measured in situ in the middle
atmosphere. Geophysical Research Letters, 30(20). https://doi.org/10.1029/2003GL018271

STRELNIKOV ET AL.

22 of 23


https://doi.org/10.1002/2013JD021008
https://doi.org/10.1007/BF01668899
https://doi.org/10.1017/S002211207800227X
https://doi.org/10.1017/S002211207800227X
https://doi.org/10.1016/0021-9169(94)90013-2
http://isbnplus.org/9780070290372
https://doi.org/10.1029/2002JD002392
https://doi.org/10.2514/8.11707
https://doi.org/10.2514/8.11707
https://doi.org/10.1029/2005GL024345
https://doi.org/10.5194/angeo-36-1099-2018
https://doi.org/10.1029/2001JD000915
https://doi.org/10.1029/JZ067i003p01051
https://doi.org/10.1029/JZ067i003p01051
http://mi.mathnet.ru/dan25253
https://doi.org/10.1175/1520-0469(1963)020)%3C0319:TSITWO%3E2.0.CO;2
https://doi.org/10.1029/2003GL019325
https://doi.org/10.1063/1.1706005
https://doi.org/10.5194/acp-17-7941-2017
https://doi.org/10.1063/1.857979
https://doi.org/10.5194/amt-12-4191-2019
https://doi.org/10.1029/2020JD033857
https://doi.org/10.1063/1.868826
https://doi.org/10.1063/1.868826
https://doi.org/10.1016/j.jastp.2021.105559
https://www.radar-service.eu/radar/en/dataset/QMPVnDcWUmWqrNmc?token=vThOCCegPAeNQoYtNiPJ
https://doi.org/10.5194/acp-19-11443-2019
https://doi.org/10.1029/2003GL018271

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD035516

Strelnikov, B., Rapp, M., & Liibken, F.-J. (2013). In situ density measurements in the mesosphere/lower thermosphere region with the TOTAL
and CONE instruments. In K. Oyama (Ed.), An introduction to space instrumentation. Terra Publishers. https://doi.org/10.5047/isi.2012.001

Strelnikov, B., Szewczyk, A., Strelnikova, 1., Latteck, R., Baumgarten, G., Liibken, F.-J., et al. (2017). Spatial and temporal variability in MLT
turbulence inferred from in situ and ground-based observations during the WADIS-1 sounding rocket campaign. Annales Geophysicae, 35(3),
547-565. https://doi.org/10.5194/angeo-35-547-2017

Szewczyk, A., Strelnikov, B., Rapp, M., Strelnikova, I., Baumgarten, G., Kaifler, N., et al. (2013). Simultaneous observations of a mesospheric
inversion layer and turbulence during the ECOMA-2010 rocket campaign. Annales Geophysicae, 31, 775-785. https://doi.org/10.5194/
angeo-31-775-2013

Tatarskii, V. I. (1971). The effects of the turbulent atmosphere on wave propagation. Isr. Program for Sci. Transl.

Tatarskii, V. I., Dubovikov, M. M., & Praskovsky, A. A. (1992). In M. Y. Karyakin (Ed.), Temperature fluctuation spectrum in the dissipation
range for statistically isotropic turbulent flow.

Tchen, C. M. (1973). Repeated cascade theory of homogeneous turbulence. Physics of Fluids, 16, 13-30. https://doi.org/10.1063/1.1694158

Tchen, C. M. (1975). Cascade theory of turbulence in a stratified medium. Tellus Series A, 27, 1-14. https://doi.org/10.1111/§.2153-3490.1975.
tb01649.x

Theuerkauf, A., Gerding, M., & Liibken, F.-J. (2011). LITOS—A new balloon-borne instrument for fine-scale turbulence soundings in the strat-
osphere. Atmospheric Measurement Techniques, 4, 55-56. https://doi.org/10.5194/amt-4-55-2011

Thrane, E. V., Andreassen, O., Blix, T., Grandal, B., Brekke, A., Philbrick, C. R., et al. (1985). Neutral air turbulence in the upper atmosphere
observed during the Energy Budget Campaign. Journal of Atmospheric and Terrestrial Physics, 47, 243-264.

Torrence, C., & Compo, G. P. (1998). A practical guide to wavelet analysis. Bulletin of the American Meteorological Society, 79, 61-78

Triplett, C. C., Li, J., Collins, R. L., Lehmacher, G. A., Barjatya, A., Fritts, D. C., et al. (2018). Observations of reduced turbulence and wave
activity in the Arctic middle atmosphere following the January 2015 sudden stratospheric warming. Journal of Geophysical Research: Atmos-
pheres, 123(23), 13259-13276. https://doi.org/10.1029/2018JD028788

STRELNIKOV ET AL.

23 of 23


https://doi.org/10.5047/isi.2012.001
https://doi.org/10.5194/angeo-35-547-2017
https://doi.org/10.5194/angeo-31-775-2013
https://doi.org/10.5194/angeo-31-775-2013
https://doi.org/10.1063/1.1694158
https://doi.org/10.1111/j.2153-3490.1975.tb01649.x
https://doi.org/10.1111/j.2153-3490.1975.tb01649.x
https://doi.org/10.5194/amt-4-55-2011
https://doi.org/10.1029/2018JD028788

	Assessment of the Precision of Spectral Model Turbulence Analysis Techniques Using Direct Numerical Simulation Data
	Abstract
	Plain Language Summary
	1. Introduction
	2. Spectral Model Technique
	3. DNS Data
	4. Analysis Approach
	5. Results
	5.1. Profiles
	5.2. Spectra
	5.3. Statistics
	5.4. Sensitivity to Instrumental Noise
	5.4.1. Developed Turbulence
	5.4.2. Decaying Turbulence
	5.4.3. Poorly Resolved Viscous Subrange

	5.5. Errors and Biases
	5.5.1. Full Spectral Coverage (Low Instrumental Noise)
	5.5.2. Limited Spectral Coverage or Dependence on Instrumental Noise


	6. Discussion
	7. Summary
	Appendix A: Uncertainties of Constants Used in Spectral Functions
	Data Availability Statements
	References


