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Abstract. Internal gravity waves (IGW) significant-
ly affect the structure and circulation of Earth’s atmos-
phere by transporting wave energy and momentum up-
ward from the lower atmosphere. Since IGW can prop-
agate freely through a stably stratified atmosphere, simi-
lar effects may occur in the atmospheres of Mars and
Venus. Observations of temperature and wind speed
fluctuations induced by internal waves in Earth’s at-
mosphere have shown that wave amplitudes increase
with height, but not quickly enough to correspond to the
amplitude increase due to an exponential decrease in the
density without energy dissipation. The linear theory of
IGW explains the wave amplitude growth rate as fol-
lows: any wave amplitude exceeding the threshold value
leads to instability and produces turbulence, which hin-
ders further amplitude growth (internal wave satura-
tion). The mechanisms that contribute most to the ener-
gy dissipation and saturation of IGW in the atmosphere
are thought to be the dynamical (shear) and convective

instabilities. The assumption of internal wave saturation
plays a key role in radio occultation monitoring of IGW
in planetary atmospheres. A radiosonde study of wave
saturation processes in Earth’s atmosphere is therefore
actual and important task. We report the results of de-
termination of actual and threshold amplitudes, satura-
tion degree, and other characteristics for the identified
IGW in Earth’s atmosphere obtained from the analysis
of SPARC (Stratospheric Processes And their Role in
Climate) radiosonde measurements of wind speed and
temperature [http://www.sparc.sunysb.edu/].
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INTRODUCTION

The principal objective of planetary atmosphere
physics is to study wave processes that, as shown by
observations, determine the atmospheric dynamics at all
heights [Gubenko et al., 2012]. A key role of internal
gravity waves (IGW) is primarily connected with the
fact that they provide an effective mechanism for energy
and momentum transfer upward from the lower atmos-
phere. lonosphere experts evince great interest in IGW
because many ionospheric and radio wave propagation
processes are well explained through atmospheric
waves. According to the currently adopted interpreta-
tion, traveling ionospheric disturbances and sporadic E;-
layers are ionospheric manifestations of waves in an
essentially neutral atmosphere [Gossard, Hooke, 1978;
Gubenko et al., 2018]. Generation sources of IGW in
the atmosphere may be near-surface thermal contrasts,
topography, wind shear instability, convection, and
frontal processes. In Earth’s atmosphere in the absence
of energy dissipation, the amplitude of wave disturb-
ances of wind speed or temperature increases approxi-
mately exponentially with height. Near-surface low-
amplitude disturbances can therefore produce signifi-
cant effects at large heights, where waves break down
and the IGW energy and momentum are transferred to
the undisturbed flow. Since IGW represent a character-
istic feature of a stably stratified atmosphere, similar

effects can occur in the atmospheres of VVenus and Mars.
Internal waves in the Martian atmosphere are thought to
play a more important role than those in Earth’s atmos-
phere because in many cases the IGW amplitudes in the
Martian atmosphere are much higher than their terrestri-
al counterparts [Creasey et al., 2006; Gubenko et al.,
2008a, 2012, 2015, 20164a].

Studying internal waves with any techniques faces a
problem, the core of which is that the disturbed atmos-
phere parameters such as wind speed, temperature, or
density are measured; and this measurement is to be
used to determine which part of the “signal” is induced
by IGW. The general approach here is to separate small-
scale variations from slow changes in undisturbed back-
ground and consider these variations to be related to
wave processes. So, if the measurements are time reali-
zations for a fixed observation point, such as lidar or
radar measurements, the above separation of scales can
be effected through a frequency analysis. Approaches
using any separations of scales must take into account
that not all small-scale atmospheric variations are
caused by IGW. The observed variations may also be
associated with the influence of regular thin layers or
turbulence in a planetary atmosphere. To interpret the
measurements correctly, we should have a discrimina-
tion criterion for identifying wave events. Only when
this criterion is met, the analyzed variations can be con-
sidered as manifestations of waves in a planetary at-
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mosphere [Gubenko et al., 2008b, 2011, 2012, 2015,
20164, b, c].

Radio occultation satellite observations in the at-
mosphere are an effective tool of radio physical re-
search into IGW activity throughout the planet based
on nearly uniform and high-quality experimental data
[Gorbunov, Gurvich, 1998]. The analysis of vertical
temperature variation profiles determined from radio
occultation experiments has revealed some statistical
characteristics (potential energy of IGW per unit
mass) of internal waves in Earth’s atmosphere [Stei-
ner, Kirchengast, 2000; Tsuda et al,. 2000; Tsuda,
Hocke, 2002]. An advantage of radio occultation
measurements in studying internal atmospheric waves
is a wider geographical and temporal coverage of
areas of interest, which enables global monitoring of
wave activity in a planetary atmosphere [Gavrilov et
al., 2004; Gavrilov, Manuilova, 2016]. This method
allows us to obtain vertical profiles of atmospheric
parameters (pressure, density, and temperature) at a
global scale with high vertical resolution in any
weather conditions [Liou et al., 2003, 2004; Pavelyev
et al., 2009, 2012, 2015]. However, until recently, re-
searchers believed that the reconstructed vertical
temperature and density profiles in radio occultation
experiments are not enough to quantify the wave ef-
fects in a planetary atmosphere [Gubenko et al.,
2012, 2015].

In this regard, we have developed an original meth-
od of identifying discrete wave events and reconstruct-
ing IGW parameters from an analysis of the individual
vertical temperature, density, or squared Brunt-Vaiséla
frequency profile in a planetary atmosphere [Gubenko
et al., 2008b, 2011, 2012, 2015]. The method does not
require any additional information not contained in the
profile and can be adopted to analyze vertical profiles
obtained by various methods. We have formulated and
justified a threshold criterion for identifying wave
events; its fulfillment assumes the analyzed variations to
be manifestations of waves [Gubenko et al., 2008b,
2011, 2012, 2015, 2016b]. The method relies on the
analysis of the relative wave amplitude, determined
from the vertical profile of temperature or density, as
well as on the concept of the linear IGW theory, which
suggests that the wave amplitude is limited by threshold
values due to dynamic (shear) instability in the atmos-
phere. It is expected that when the internal wave ampli-
tude reaches the shear instability threshold as the wave
propagates upward, wave energy dissipation occurs so
that the IGW amplitude stays at the atmospheric insta-
bility threshold (wave amplitude saturation). To test this
method, we have used simultaneous probe measure-
ments of temperature and wind speed in Earth’s strato-
sphere [Cot, Barat, 1986]. By analyzing the wind speed
hodograph, Cot and Barat [1986] identified the saturated
IGW and determined its characteristics. The probe tem-
perature measurements and the method we developed
allowed us to independently reconstruct all characteris-
tics of the identified internal wave with errors not ex-
ceeding 30 % [Gubenko et al., 2008b, 2012]. The appli-
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cation of the method to the analysis of radio occultation
temperature data enabled us for the first time to identify
wave events in the atmospheres of Earth and Mars, to
determine the key characteristics of the detected waves,
including intrinsic frequency of IGW, vertical fluxes of
wave energy and momentum [Gubenko et al., 2008b,
2011, 2015, 20164, b, c]. Results of wave activity moni-
toring can be useful in constructing numerical atmos-
pheric circulation models involving parameterization of
wave effects. Experimental determination and analysis
of geographical and seasonal distributions of internal
wave characteristics [Gubenko et al.,, 2012, 2015,
2016b] are necessary and important stages in develop-
ing adequate models of the general circulation in Earth’s
atmosphere. The original method of identifying wave
events and reconstructing IGW characteristics in plane-
tary atmospheres we developed [Gubenko et al., 2008b,
2011, 2012, 2015, 20164, b, c] has been widely recog-
nized by scientific community both in Russia and
abroad. It is now being successfully used to study wave
processes in the atmospheres of Earth [Horinouchi,
Tsuda, 2009; Xiao, Hu, 2010; Rechou et al., 2014; Sa-
cha et al., 2014; Noersomadi, Tsuda, 2017; Zagar et al.,
2017] and Venus [Altieri et al., 2014; Peralta et al.,
2015]. For example, Rechou et al. [2014] have shown
that numerical simulation data and analysis of inde-
pendent radar and probe measurements in Earth’s at-
mosphere demonstrate high efficiency of our method
and high reliability of scientific results it yields.

Radio occultation studies of internal waves in
Earth’s middle atmosphere [Gubenko et al. 2008b,
2011, 2012, 2016b] use data from one observation sys-
tem. It generally provides information only about one
independent variable (temperature or density) and leads
to some ambiguity in the wave field description. Two
instrumentation systems applied at a time enable a more
complete characterization of the wave field and the
IGW atmospheric effects. Simultaneous data on wind
speed and temperature, derived from radiosonde meas-
urements, allow us to pay more attention to the role
played by internal waves in the atmospheric dynamics.
In some respects, probe data make it possible to verify
radio occultation wave studies, which rely on the analy-
sis of the IGW-induced temperature or density varia-
tions under the saturated wave assumption (our SWA
method). By measuring simultaneously temperature and
wind speed disturbances and analyzing them, we can
estimate the degree of the IGW saturation without any
assumptions, assess the validity of the internal wave
saturation assumption, and, therefore, determine the
effectiveness of the SWA method. It is necessary to
know the actual and threshold wave amplitudes to eval-
uate the influence of internal waves on the undisturbed
atmosphere. Since the internal wave saturation assump-
tion plays a key role in radiophysical monitoring of
IGW in planetary atmospheres [Gubenko et al., 2008b,
2011, 2012, 2015, 20164, b, c], radiosonde studies of
saturation processes in Earth’s atmosphere are relevant
and important. To radiosonde studies of IGW we apply
the classical method of wind speed hodograph analysis.
The advanced hodograph method we propose relies on a
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combined analysis of simultaneous measurements of
wind speed and temperature, which uses a polarization
relation between wave variations of speed and tempera-
ture to realize minimum errors in results of reconstruc-
tion of internal atmospheric wave characteristics.

THEORETICAL RELATIONS
AND HODOGRAPH METHOD

The dispersion equation relates the intrinsic wave
frequency o (frequency determined in the reference
system that moves with an undisturbed wind speed) to
the IGW spatial characteristics (horizontal k, and verti-
cal m wavenumbers) and to the stability parameter of
undisturbed atmospheric stratification N, (buoyancy
(Brunt-Vaisala) frequency). If hydrostatic regime con-

ditions hold for internal waves: N?>>w’> f?,
m? >> k?, and m? >> (2H) 7, the dispersion equation
takes the form [Fritts, Alexander, 2003; Gubenko et al.,
2008h, 2011, 2012]:

2 o sz 1
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where (c—U) is the intrinsic horizontal phase speed, c is

the ground-based horizontal phase speed (fixed refer-
ence system), U is the projection of undisturbed wind

speed on direction of vector k, and H~ 7 km is the

scale height of Earth’s middle atmosphere. Inertial fre-
quency (Coriolis parameter) f is given by f=2Q sing,
where Q=7.292-107° rad/s is Earth’s rotation rate and ¢
is the latitude. The vector (k,, m) determines the wave
phase propagation direction. For internal waves whose
energy is transferred upward (upward group speed com-
ponent), the phase is downward (m<0), and vice versa.
The intrinsic frequency is considered to be positively
defined (©>0).

If an axis of the coordinate system is selected in the
direction of the horizontal wave vector component ki,
the polarization relations take a simple form [Zink, Vin-
cent, 2001; Gubenko et al., 2008b, 2011, 2012]:
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where U’ and V' are the complex disturbances of wind
speed components directed parallel and perpendicular to
the horizontal wave vector component respectively; w’
is the complex disturbance of wind speed in the vertical

direction;'lc’:T'/Tb is the normalized complex dis-

turbance of absolute temperature (T=t+273°); i is the
imaginary unit. Complex and real physical disturbances
are connected by simple relations. For example, to the
complex disturbance u’ corresponds the real disturbance
Re U, and its amplitude is equal to |U'| [Gubenko et al.,
2008b, 2012]. From Equation (2) it follows that the
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phase difference between u’ and v’ disturbances is 90°,
and the amplitude ratio |v'|/|u’| is equal to f/w. Since the
horizontal wind speed hodograph describes an ellipse
and the motion occurs in a plane perpendicular to the
wave vector [Gill, 1986], a low-frequency IGW at o~f
is an elliptically polarized transverse wave. At higher

frequencies when the inequality f/mw<1 is valid, the

ellipse transforms into a straight line and internal waves
become linearly polarized. Note that polarization rela-
tion (4) holds for internal waves whose energy is trans-
ferred upward (m<0), otherwise (m>0) we should
change sign from plus to minus in the right hand side of
Equation (4) [Pfister et al., 1993]. Dispersion equation
(1) and polarization relations (2)—(4) are approximations
for which there are two intervals in the hydrostatic wave
regime. Range of intermediate intrinsic frequencies is
defined as the range of frequencies ® such that
NZ >>w” >> f?. Dispersion equation (1) here be-
comes much simpler and yields a simple connection of
the intrinsic horizontal phase speed (c—u) with the
vertical wavenumber m and Brunt-Vaisala frequency:
|c-T]=w/|k,|=N,/|m| [Fritts, Alexander, 2003; Gu-
benko et al., 2012]. Range of low intrinsic frequencies is
defined as the range of frequencies such that ? has the
same order as f2, but @*>f?2.

To calculate the buoyancy frequency N, from
measurements of the vertical temperature profile

Tw(z), we use the following expression [Gubenko et
al., 2008b, 2011, 2012]:

Mm,9)
0z C,

where g is the free fall acceleration, g/cp:9.8-10‘3
K/m is the adiabatic temperature gradient, T, is the
undisturbed (mean) absolute temperature, z is the
local vertical coordinate.

The idea of the hodograph analysis involves moni-
toring the motion (rotation) of the vector of wind speed
disturbances with height [Hines, 1988]. According to
the theory, the wave hodograph (the trajectory described
by the endpoint of the speed disturbance vector) is an
ellipse whose major axis is parallel to the horizontal
wave propagation direction, and lengths of the major
and minor semi-axes of the ellipse are amplitudes of
wind speed disturbances along the vector ki, and in a
transverse direction respectively. The intrinsic wave
frequency o can be determined from the expression for
the axial ratio AXR, which accounts for the effect of
vertical shear of the transverse component of the mean
wind speed Vr [Hines, 1988]:

1dv,

o N, dz
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where |u’| and |v'| are the lengths of the major and minor
semi-axes of the ellipse respectively. Thus, by determin-
ing Ny, f/o, o, and m=2x/A, (A, is the vertical wave-
length) from the experiment and taking into account
dispersion equation (1), we can find |k,|, horizontal
wavelength A=27/|ky|, and intrinsic horizontal phase

AXR =

, (6)
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speed |c—TJ. The amplitude of vertical speed disturb-

ances |w’'| is determined from polarization relation (3).

To study the IGW saturation, we calculate the rela-
tive threshold amplitude a of shear instability using the
ratio f /w [Fritts, 1989]:

e |us | 211’ ’
-0 1+41-f2/0?

where |u'sy| is the amplitude of saturation for horizontal
wind speed disturbances parallel to the vector k. The
analysis of a particular radiosonde measurement session
has provided us with two independent estimates of the
relative wave amplitude a, and a, [Gubenko et al.,
2011]:
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The a, value is calculated by analyzing only temper-
ature data, whereas a, is determined from measurements
of both speed and temperature. We interpret the IGW
saturation degree as the ratio of the speed disturbance
amplitude |u'| to the saturated wave amplitude |u's, and
it can be found from expressions (8) in two different
ways [Gubenko et al., 2011]:
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EXPERIMENTAL DATA
AND DISCUSSION OF RESULTS

To demonstrate the possibilities of the method, we con-
sider an example of its practical application to the analysis
of simultaneous balloon measurements of temperature and
wind speed in Earth’s atmosphere. These measurements
are freely available on the website of the SPARC Data
Center [http://www.sparc.sunysb.edu/]. The measurements
were recorded each 6 s. This corresponds to the ~30 m
vertical resolution of data with the ~5 m/s mean rate of
balloon rise. Accuracy of the temperature and wind speed
measurements is ~0.2 K and 1 m/s respectively.

Figure 1 shows two temperature profiles derived from
measurements in Earth’s atmosphere over Desert Rock,
which were made ~12 hrs apart. The vertical correlation of
quasiperiodic temperature variations for these profiles in
the given interval suggests that these variations may be
generated by an IGW or by semidiurnal thermal tide with a
period of ~12 hrs in the ground-based reference system. To
test this hypothesis, we make a joint analysis of tempera-
ture data (Figure 1, left), zonal and meridional wind speeds
(Figure 1, right) for the November 06, 2008 measurement
session. For the zonal direction we take the west-east direc-
tion; for the meridional direction, the south-north one.

Figure 2 presents the analyzed profiles for the se-
lected interval 22.5-30 km of wave manifestations. The
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dashed line shows the corresponding mean (undis-
turbed) profiles calculated by approximating the original
data by the third-degree polynomial using a least
squares method (LSM). By applying expression (5) to
the mean temperature profile, we can estimate the
Brunt-Vaiséla frequency Ny (stability parameter of at-
mospheric stratification) N,~2.18-107 rad/s for the
interval of interest.

Figure 3 depicts vertical profiles of temperature var-
iations and speed components, which are defined as the
difference between original and respective mean pro-
files in Figure 2. From these profiles we determine the

amplitude of temperature variations |T'|~ 2.74 K and

the vertical wavelength A,~ 3.4 km for the speed and

temperature disturbances. We also choose the interval to
plot the hodograph and determine the value T, of the
mean temperature T,~ 218 K in the center of the speci-
fied interval at 26 km.

Figure 4 presents the hodograph of horizontal wind
speed variations for a height interval 24.3-27.8 km. The
abscissa and ordinate show values of zonal and meridi-
onal components respectively. Dots are original data, ©®
is the initial point of hodograph; numbers near experi-
mental points indicate height in kilometers. The arrow
denotes the direction of the mean wind speed V, at 26
km. The smooth solid line shows the ellipse of the LSM
approximation of the data under study, the lengths of the
major and minor semi-axes of which determine the am-
plitudes |u’| and |v'| of horizontal speed disturbances:
|u’|l~ 5.63 m/s and |v'|~ 2.98 m/s. According to the IGW
theory, the clockwise rotation of the vector endpoint of
speed variations with increasing height in the Northern
Hemisphere corresponds to downward phase propaga-
tion and upward transfer of wave energy.

We calculate the Coriolis parameter f~ 0.86-107*
rad/s at the observation point and, using (6), find the f/®

ratio and the intrinsic frequency ©: f/o~ 0.53 and
o~ 1.63-10™* rad/s (the intrinsic period of wave

T"=21/0~ 10.7 hrs). Next, from Equation (1) we de-
termine the intrinsic  horizontal phase speed
|c —1/_£| ~13.9m/s and horizontal wavelength

A, =|c—T|T™ ~535km. Taking into account relation

(3), we find the amplitude of vertical wind speed dis-
turbances |w'|~ 3.6-10 m/s. Using the known relation

between the intrinsic frequency ® and the wave fre-
quency o in the ground-based reference system
6=0+k,Vp, we determine . Knowing the direction of
the major axis of the hodograph ellipse, we can find the
horizontal direction of the wave vector k;, with an uncer-
tainty of 180°. The angle between ky and V,, (Figure 4)
is close to the right angle (92.2° or 87.8°), therefore

knVp>~ 0 and o~ w= 1.63-107 rad/s. The wave period

in the fixed reference system T°*=27/6=210.7 hrs coin-

cides with the intrinsic period T™, its value is close to
the previously discussed value of ~12 hrs.
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This supports the hypothesis that the observed quasi-
periodic variations (Figure 1) are induced by the IGW, not
by semidiurnal thermal tide.

Internal waves affect the undisturbed wind or lead to
a mixing of atmospheric components only in case of
wave energy dissipation. Dynamic and convective in-
stabilities are believed to be the main processes leading
to dissipation [Fritts, 1989; Fritts, Alexander, 2003],
although there are other mechanisms (molecular diffu-
sion, radiative damping, nonlinear interactions). Con-
vective or dynamic instability causes an IGW to break
when its amplitude exceeds a certain threshold. From
expression (7) we calculate the threshold amplitude

a~~ 0.92 for the shear instability, which is essential for

low-frequency IGW with o~f [Fritts, 1989]. Due to the
existence of threshold amplitudes, saturation mecha-
nisms become non-linear, so it is important to know
actual wave amplitudes in experiments. Expressions (8)
yield two independent estimates of the wave amplitude

a.~ 0.43 and a,~ 0.40, which agree well with each

other. This indicates that the temperature and wind
speed data are of high quality, and suggests that polari-
zation relation (4) holds. From expressions (9) in two
different ways, we evaluate the IGW saturation degree

de~ 0.47=47 % and d,~ 0.44=44 %,

The analysis shows that the proposed method allows
us to reliably identify the IGW signatures in radiosonde
measurements, and to determine characteristics and the
saturation degree of internal waves in Earth’s atmos-
phere without any assumptions. For radio occultation
monitoring of wave activity in planetary atmospheres
[Gubenko et al., 2008b, 2011, 2012, 2015], we use the
saturated wave assumption. The results indicate that this
assumption does not always hold, thus leading to sys-
tematic errors and aliasing of reconstructed wave char-
acteristics. In particular, the intrinsic frequency can be
systematically underestimated; and the horizontal wave-
length, overestimated.

This work was partially supported by RAS Presidi-
um Program 28. We thank two anonymous reviewers of
the article for informative and constructive comments.
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