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Abstract

We considered three events on 4 November 2015, 22 December 2016, and 12 November 2018, when the signals travelling in the polar
winter mesosphere with high horizontal velocities above 300 m/s were measured by the atmospheric radar ESRAD (Chilson et al., 1999)
located at Esrange, near Kiruna in northern Sweden. We proposed four mechanisms of generation of such special cases of polar meso-
sphere echoes, e.g. high-speed PMWE, that involve microbaroms, i.e. infrasound waves at 0.1–––0.35 Hz frequencies created by ocean
swell. These mechanisms are (i) generation of viscous waves, (ii) generation of thermal waves, (iii) direct contributions of infrasound, and
(iv) generation of secondary waves at sound dissipation. These processes necessarily accompany sound propagation in inhomogeneous,
thermally conducting and viscous fluid (air). The four models were theoretically analysed and their efficiency was estimated. The infra-
sound measurements at the IS37 station (Gibbons et al., 2019) located about 170 km north-west from the ESRAD radar, modelled maps
of the microbarom sources, infrasound propagation conditions and ionospheric conditions for these three PMWE events support the
proposed models. Infrasound-generated thermal waves are suggested to be the most probable specific cause of the observed high-
speed, high-aspect-ratio PMWE events. However, absence of in-situ infrasound and plasma measurements did not allow us to quantify
contributions of individual physical mechanisms to the fast-travelling echoes generation.
� 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Polar mesosphere echoes are strong signals from 50 to
100 km altitudes observed by radars operating at a broad
frequency range, i.e. from a few to hundreds of MHz, at
polar latitudes all over the year. The echoes observed from
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May to August in the northern hemisphere were named
polar mesosphere summer echoes (PMSE) (Röttger et al.,
1988). In contrast, echoes that occur in the equinox and
winter seasons were later named polar mesosphere winter
echoes (PMWE) (Kirkwood et al., 2002). Therefore, when
we mention ‘winter’ further in this paper, this refers to all
non-summer months. Mesospheric echoes have been inten-
sively studied for several decades (for reviews and refer-
ences see Rapp and Lübken, 2004; Strelnikov et al.,
org/licenses/by/4.0/).
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2021). Differences between the summer and winter meso-
spheric radar returns were first reported by Ecklund and
Balsley (1981). Later these findings were quantified by sub-
sequent observations over a full year. E.g., based on two-
year continuous observations with the Moveable Atmo-
spheric Radar for Antarctica (MARA) at the Antarctic sta-
tion Troll, Kirkwood et al. (2015a) showed that, in winter
these echoes were significantly weaker than in summer, and
that they come from lower altitudes, 55–80 km. Whereas in
summer, the radar echoes arose from altitudes between 80
and 95 km and were more frequent and intense. Similar
results were obtained with the Middle Atmosphere Alomar
Radar System (MAARSY) (Latteck et al., 2012) at
Andøya, northern Norway by Latteck and Strelnikova
(2015). The PMWE mean diurnal occurrence rate esti-
mated from MAARSY data for the winter seasons of
2011–2013, was 16% (95% for PMSE in June/July).
Latteck et al. (2021) conducted a comprehensive study of
the mesospheric echo characteristics at Andøya based on
ALomar WINd (ALWIN) radar data for 1999–2008 and
the following MAARSY radar data for 2011–2020. It
was found that the 17 dB more sensitive MAARSY system
observed echoes below 80 km all year round with a mean
seasonal occurrence frequency of about 14% with strong
variations from minimum of 2% in July/August and max-
ima of 22% and 26% in March/April and October, respec-
tively. When only non-summer months were considered,
the average PMWE occurrence rate was estimated to be
17.5%, thus confirming the results of the earlier study.
Latteck et al. (2021) also found that PMSE can be up to
3 orders of magnitude stronger than PMWE.

PMWE are often observed when the electron number
density in the mesosphere is strongly enhanced (e.g.,
Kirkwood et al., 2002; Nishiyama et al., 2018). Extra ion-
isation in this region can be produced by solar protons and
X-rays related to coronal mass ejections and solar flares,
respectively. Additionally, high-speed solar wind streams
(HSS) emanated from the coronal holes, upon arrival at
the Earth cause high-energy electron precipitation from
the magnetosphere (e.g., Meredith et al., 2011) that leads
to significant ionisation at PMWE altitudes (Kavanagh
et al., 2012; Kirkwood et al., 2015b). The PMWE occur-
rence rate of 60% of all winter days observed with MARA
was mainly attributed to the arrival of HSS (Kirkwood
et al., 2015a). Latteck and Strelnikova (2015) reported that
the diurnal occurrence rate reached 70% during solar pro-
ton events or strong geomagnetic disturbances.

In order to detect PMSE/PMWE by radars, electron
density fluctuations have to exist on the radar Bragg scale,
which varies from tens of cm to a few metres for monos-
tatic very high frequency (VHF) radars. It was found that
PMSE are directly related to very low temperatures at the
polar summer mesopause (e.g., Lübken, 1999), where ice
particles of nano-metre size are formed (e.g., Baumgarten
et al., 2008; Hervig et al., 2009). It is now commonly
accepted (e.g., Rapp & Lübken, 2004) that neutral air tur-
bulence in presence of charged ice aerosols leads to gener-
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ation of small-scale perturbations in the electron number
density at the mesospheric altitudes that results in the
strong radar returns, i.e. PMSE. However, in winter the
mesospheric temperatures are much higher than in sum-
mer, and therefore, ice particles cannot form. Instead,
other smaller particles of meteoric origin, i.e. meteor smoke
particles (MSPs), have been observed in the winter meso-
sphere (e.g., Rapp et al., 2009; Baumann et al., 2013,
Robertson et al., 2014). It was shown that charged MSPs
play an important role in PMWE appearance and features
(Kirkwood et al., 2015a).

Numerous efforts have been made in order to under-
stand the PMWE nature and its observed characteristics.
Recently, Strelnikov et al. (2021) provided a short overview
of PMWE current theories, which can be generally divided
into two categories related to turbulent and non-turbulent
origin. It was found that a majority of PMWE can be
explained by the neutral air turbulence with or without
the presence of MSPs (e.g. Staszak et al., 2021). However,
in some cases strong, quasi-specular radar echoes with high
horizontal speeds exceeding 350–400 m/s were observed
(Kirkwood et al., 2006; Kirkwood, 2007). Since atmo-
spheric scatterers moving with velocities of hundreds of
m/s cannot be attributed to the atmospheric turbulence
or nano particles moving with the wind, there is a need
to understand what are the physical mechanisms that can
generate polar mesospheric echoes with a very high hori-
zontal travel velocity, e.g. high-speed PMWEs.

This paper investigates the hypothesis that fast-
travelling PMWEs result from the electron density pertur-
bations created in continuously stratified atmosphere by
low-frequency acoustic waves (infrasound), specifically,
by microbaroms. Microbaroms dominate the ambient
acoustic field from the stratosphere to the mesosphere,
and typically have frequencies between 0.1 and 0.35 Hz.
Microbaroms are generated by nonlinear interaction of
surface gravity waves in the ocean, most efficiently at sev-
eral hotspots around the globe (e.g., Le Pichon et al.,
2010 and the references therein). The Northern hemisphere
hotspots include parts of the North Sea and the wider
Northern Atlantic Ocean (e.g., Landès et al., 2014). Micro-
baroms can propagate through the atmosphere over thou-
sands of km due to their low absorption (Sutherland and
Bass, 2004) and channelling by stratospheric, and
mesosphere-lower thermospheric (MLT) waveguides
(Drob et al., 2003). Ocean swell and long-periodic wind-
associated waves on the ocean surface are known to be
intermittent and form wave groups (wave packets)
(Longuet-Higgins, 1984), which translate into the atmo-
spheric microbaroms travelling from their generation sites
as narrow-band acoustic wave packets. Locally, an individ-
ual infrasonic sound wave packet can be viewed as a plane
wave with a gradual amplitude modulation occurring at
larger horizontal scales compared to the acoustic wave-
length. The wave packets travel at the acoustic group
speed, which is a vector sum of the wind velocity u and
the sound speed c in the direction of propagation relative
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to air. Depending on the wind direction and the direction
of sound propagation, the horizontal component of the
wave packet speed lies between c – u and c + u (e.g.,
Brekhovskikh & Godin, 1999).

Generation of high-speed PMWE involves a cascade of
physical processes. In a real atmosphere, which is viscous,
thermally conducting, and continuously stratified in the
vertical direction, a propagating infrasonic wave packet
creates perturbations in the neutral atmosphere at vertical
spatial scales that are small compared to the acoustic wave-
length. In the presence of ionisation, the neutral compo-
nent perturbations cause commensurate changes in the
free electron density and the radio wave refraction index.
The spatial variation of the refraction index, specifically,
its spectral component at the Bragg scale of the incident
radio wave, leads to radio wave scattering (reflection)
and occurrence of radar echoes (e.g., Gage & Balsley,
1980). Since the perturbations in the neutral atmosphere
and in the electron number density are proportional to
the infrasound amplitude, the atmospheric reflectors are
predicted to move horizontally with the infrasonic wave
packet at a speed between c – u and c + u, or roughly
within 100 m/s of the sound speed c � 250–400 m/s at
the altitude of PWME generation. This explains the
observed range of speeds of fast-travelling PMWE
(Kirkwood et al., 2006). The vertical scale of the atmo-
spheric inhomogeneities responsible for PMWE is at close
to half the radio wavelength (less than a few meters for
VHF radars) and the horizontal scale of the infrasound
induced inhomogeneities is of the order of microbarom
wavelength of � 1 km. Therefore, the atmospheric reflector
is highly anisotropic, and the radar scattering closely
approximates specular reflection from a horizontal inter-
face. The anisotropy of this infrasound-generated reflector
explains another distinctive observational feature of the
fast-travelling PMWE: their high aspect sensitivity
(Kirkwood et al., 2006).

The central part of the proposed explanation of the ori-
gin of the fast-travelling PMWE is the physical mechanism
where infrasound generates vertical variations of the radio
wave refraction index at the radar Bragg scale. We show in
Sec. 3 and in the Appendix that the requisite variations in
the refractive index can occur in a continuously stratified
atmosphere due to excitation of the strongly evanescent
viscous and thermal waves (Pierce, 1989; Brekhovskikh
and Godin, 1998). Hocking et al. (1991) and Hocking
(2003) were the first to propose that viscous and thermal
waves, which are generated at reflection of gravity waves
and infrasound and which are strongly evanescent in the
vertical direction, cause highly aspect-sensitive radar
echoes that cannot be attributed to turbulence. Properties
of the viscous and thermal waves were considered assuming
reflection of infrasound or gravity waves at a single sharp
interface in the atmosphere. This model was used to inter-
pret the near-specular reflections observed with a 50 MHz
radar (Hocking et al., 1991). Kirkwood et al. (2006) suc-
cessfully used Hocking’s idea of strongly evanescent waves
3

generated at the reflection of infrasound to interpret key
observational features of fast-travelling PMWEs that
occurred during a solar proton event in November 2004
which were observed by the 52-MHz ESrange RADar
(ESRAD) and the 224-MHz European Incoherent SCAT-
ter (EISCAT) radars. It was found that the spectral width
of the EISCAT radar echoes inside PMWE is the same as
for the background plasma below and above PMWE.
From their PMWE morphology analyses, horizontal travel
speed, and spectral width, Kirkwood et al. (2006) con-
cluded that fast-travelling PMWE can be most reasonably
explained by physical mechanisms that involve infrasound.

The present work shares the central hypothesis of
Hocking et al. (1991), Hocking (2003) and Kirkwood
et al. (2006) regarding the role of strongly evanescent waves
generated by infrasound. However, we replace the heuristic
arguments of Hocking et al. (1991) and Hocking (2003)
with a consistent theory for the viscous and thermal wave
excitation and radio wave refraction index perturbation
generated by infrasound. The Appendix contains a detailed
theoretical analysis, while the results and implications are
discussed in Sec. 3. In contrast to reflection from a sharp
interface (Hocking et al., 1991; Hocking, 2003), the refrac-
tion index perturbations are strongly affected by interfer-
ence of evanescent waves generated at different altitudes
in a real, gradually varying atmosphere. The notion of res-
onance scattering of radio waves by evanescent waves,
which was postulated by Hocking et al. (1991) and
Hocking (2003) and implied in (Kirkwood et al., 2006), is
not supported by the developed theory. We also show that
generation of viscous and thermal waves and the occur-
rence of high-speed PMWE does not necessarily require
reflection of infrasound or strong temperature or wind
speed gradients. In Sec. 2, we describe and analyse three
recent PMWE events with a high horizontal travel speed,
observed by the atmospheric VHF radar ESRAD
(Chilson et al., 1999) at Esrange, northern Sweden. Evi-
dence is presented in Sec. 4 that the necessary conditions
for fast-travelling PMWE occurrence, namely, presence
of strong microbaroms and elevated electron number den-
sity at the altitudes of the PMWE generation, were met.
For these three events we present the infrasound measure-
ments at IS37 station (e.g., Gibbons et al., 2019) in Bardu-
foss, Norway located 170 km north-west of ESRAD
together with information about microbarom sources and
infrasound propagation conditions. Our findings are sum-
marised in Sec. 5.

2. PMWE observations

2.1. Overview of the radar instrumentation and data

ESRAD is a mesosphere-stratosphere-troposphere
(MST) radar located at Esrange (67.9� N, 21.1� E), near
Kiruna, northern Sweden. It has been in continuous oper-
ation since 1996. This radar provides information on the
dynamic state of the atmosphere - winds, waves, turbulence
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and layering, from the troposphere up to the mesopause
(ca. 1–95 km altitude). It operates at 52 MHz with a verti-
cal beam, with a beamwidth of about 5�, and the signal is
scattered back from irregularities in the refractive index of
the air. The nominal peak transmit power is 72 kW, how-
ever, because of progressive failure of several power blocks
during the last few years, the power has gradually been
reduced to 18 kW at present. The ESRAD antenna array,
consisting of 284 Yagis, is divided into 12 identical groups
(6 groups before December 2015). The radar transmits ver-
tically with the whole antenna array, but for reception one
can use 12 segments in different combinations. More
detailed descriptions of ESRAD can be found in Chilson
et al. (1999) and Belova et al. (2021). The radar runs con-
tinuously, cycling between experimental modes optimised
for the lower troposphere, troposphere/stratosphere, or
mesosphere. A typical cycle measures for about 1 min in
each mode, repeating every 3–4 min.

Vertical wind is derived from the Doppler shift of the
return signal by coherently combining the data from all
receivers. Horizontal winds are derived by using the full
correlation analysis (FCA) method developed by Briggs
et al. (1950) and Briggs (1984). The principle behind
FCA is that an ensemble of scatterers of the radar wave
in the atmosphere leads to a diffraction pattern on the
ground that moves across the antenna array, as the scatter-
ers move horizontally advected by wind. With transmission
at the whole array, for reception we use three non-collinear
antenna subarrays consisting of four groups of antennas
each. Signals from these four groups are added coherently
to improve the signal-to-noise ratio. The arrangement of
the receivers was shown by Belova et al. (2021). Zonal
and meridional velocity components are derived using
auto- and cross-correlations between the different antenna
subarrays to account for the scatterers’ decay. For ESRAD
we adopted the FCA algorithm as described by
Holdsworth (1995).

We apply several quality checks for inferred velocities.
These FCA quality control criteria include that normalised
time delay between the subarrays is less than 0.4, spatial
correlation shape is limited to the ellipse, mathematically
successful fitting of the velocities, and a high-enough
signal-to-noise ratio (SNR). The meteors were also disre-
garded. In this study we used a value of 0.9 as SNR rejec-
tion threshold. This was subjectively chosen based on a
compromise between the number of observations that
passed quality control and quality of the data set. When
we apply a value of 1 for the threshold, we still have these
high-speed values, e.g. above 300 m/s, meanwhile, the num-
ber of other data points is reduced.

We used the data from the operating modes covering the
mesosphere and lower thermosphere (50–100 km): mode
‘fca_45000 was in operation until April 2016, then it was
changed to ‘fca_9000. The parameters of the experiments
are shown in Table 1. The velocity profiles were calculated
with about 1 min. resolution and the measurements in these
modes were repeated every fourth minute.
4

2.2. Satellite and ground-based data

As mentioned before, the high PMWE occurrence rate
might be related to extra ionisation in the middle atmo-
sphere at the associated altitudes. This can be caused by
solar protons, solar X-rays and high-energy electrons pre-
cipitating from the magnetosphere after the arrival of
HSS at the Earth (e.g., Tanaka et al., 2019). For this study,
we analysed satellite measurements of the solar proton and
X-ray fluxes, and solar wind velocity provided by the Geo-
stationary Operational Environmental Satellites (GOES)
and the Deep Space Climate Observatory (DSCOVR)
satellite. The respective datasets are available through the
database of the Space Weather Prediction Center at
National Oceanic and Atmospheric Administration/.

(https://www.swpc.noaa.gov/products/).
For local monitoring of ionisation in the lower iono-

sphere, two ground-based Relative Ionospheric Opacity
meters (riometers) were used. A riometer is a radio receiver
that continuously measures cosmic noise at the ground
after the noise has passed through and has been absorbed
within the ionosphere. By comparing the observed level
and known quiet day level, one can measure additional cos-
mic noise absorption (CNA) due to elevated electron den-
sity caused by e.g., energetic electron precipitation
associated with HSS. The CNA occurs primarily in the
D-layer of the ionosphere at 60–90 km altitude. Measure-
ments of radio noise absorption (as a proxy for energetic
particle precipitation and ionisation at PMWE altitudes)
in this study were provided by the La Jolla fast-response
solid-state riometers observing at 30 and 38 MHz,

which were operated in Kiruna [dataset] (https://www2.irf.

se/Observatory/?link=Riometers) [dataset] Kiruna
riometers https://www2.irf.se/Observatory/?link=Riometers.
2.3. PMWE events

Unlike PMSE occurring almost every day during sum-
mer months, the winter mesospheric echoes have been
observed by ESRAD only sporadically. Among all PMWE
observations the echoes with the high horizontal travel
speed are very rare.

We have screened the data for days with PMWE moving
with horizontal velocity above 350 m/s, for the period
starting from December 2013, the time when the micro-
barom measurements at IS37 in Bardufoss, Norway were
started, until December 2020. Seven days were found and
from these, three longer lasting PMWE events were
selected for the study. After 2018, ESRAD gradually lost
75% of its transmitter power, which implies that only very
strong echoes could match the FCA quality criteria to
allow horizontal velocities to be estimated.
2.3.1. Event 1: 4 November 2015
The PMWE were observed by ESRAD on 4 November

2015 and echo SNR, aspect sensitivity, horizontal velocity

https://www.swpc.noaa.gov/products/)
https://www2.irf.se/Observatory/?link=Riometers
https://www2.irf.se/Observatory/?link=Riometers
https://www2.irf.se/Observatory/?link=Riometers


Table 1
Parameters of the ESRAD modes used in the paper.

Date 4/11/2015 22/12/2016 and 12/11/2018

Mode name fca_4500 fca_900
Pulse repetition frequency 1300 Hz 1300 Hz
Code 8-bit complementary none
N of coherent integrations 32 64
Time resolution 49.2 ms 49.2 ms
Height sampling/ resolution 600 m / 600 m 600 m / 900 m

Duration 60 s 80 s
How often 20 h�1 17 h�1

Fig. 1. PMWE on 4 November 2015 observed by the ESRAD radar: (a) signal-to-noise ratio (SNR), (b) horizontal velocity magnitude, (c) aspect
sensitivity parameter, (d) azimuth angle of horizontal velocity, the azimuth angle shows where the echo is propagating.
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magnitude and azimuth angle are presented in Fig. 1. The
aspect sensitivity parameter of echoes is defined as a half-
power half-width hs of the scatterers’ polar diagram (e.g.
Swarnalingam et al., 2011). It was calculated by using the
parameters of the diffraction pattern, estimated by the
FCA and the radar beam widths for transmission and
reception. See Smirnova et al. (2012) for more details.
The smaller aspect sensitivity parameter corresponds to
higher aspect sensitive scatterers, i.e. aspect sensitivity
parameter of 0� implies specular reflection. The layers of
enhanced backscatter were observed between 52 and
78 km altitude for about 3 h, between 6:30 UT and 9:30
UT. The echoes were strong with a signal-to-noise ratio
(SNR) above 10 dB. For this event, most of the horizontal
velocities were less than 100 m/s. However, mainly at the
lower edge of the strongest echoes, very high speeds above
350 m/s were also observed. These echoes are highly aspect
sensitive with hs of about 0.5�-1.5�. The echo velocities
have not been estimated for low SNR, since these signals
5

did not fulfil the FCA quality criteria described in
Section 2.1.

Meredith et al. (2011) showed that the high-energy elec-
tron precipitation starts when the solar wind speed
increases sharply from below 400 km/s to above
450 km/s (this indicates the arrival of HSS at the Earth)
and can last for several days. Solar wind speed (not
shown) measured by the DSCOVR satellite increased,
reaching more than 450 km/s already on November 3.
Solar wind speeds above 600 km/s were observed during
the entire day of November 4, indicating progressive elec-
tron precipitation. Additionally, the burst of the enhanced
X-ray flux was observed on the same day around 12:00
UT, i.e. after the PMWE. The solar proton flux was on
an undisturbed level. The Kiruna 30 MHz riometer
showed increased cosmic noise absorption between
01:00–12:00 UT, with a maximum absorption of 6 dB at
8:00 UT. This indicates strong ionisation of the iono-
spheric D-layer.



Fig. 2. The same as Fig, 1, but for the PMWE event on 22 December 2016.
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2.3.2. Event 2: 22 December 2016

The PMWE on 22 December 2016 (Fig. 2) are weaker
than the event on 4 November 2015. The layer of enhanced
backscatter occurs between 60 and 73 km and lasts for
about 2 h. There are also several patches of echoes above
the main layer lasting for a few minutes. Because of the
lower SNR, few reliable velocity estimates were retrieved
using FCA. Only on a few occasions at 65–66 km the hor-
izontal velocity exceeded 300 m/s and the echoes showed
high aspect sensitivity.

The solar wind speed was enhanced above 600 km/s dur-
ing the entire day, indicating progressive action of HSS on
the Earth. There was neither indication of a solar proton
event nor solar X-ray flare. Both the Kiruna riometers
showed moderately elevated absorption (up to 2 dB) from
9:00 UT to 12:00 UT, the time when PMWE were observed
(not displayed).
2.3.3. Event 3: 12 November 2018
On 12 November 2018, two separate PMWE layers

(Fig. 3) were almost simultaneously observed by ESRAD.
The lower layer, at about 65 km, varied significantly in
strength and thickness between 8:00 UT and 10:00 UT.
The upper layer, at about 75 km, had higher SNR and
lasted for about one hour. Velocities exceeding 300 m/s
were registered at 72 km altitude.

The solar wind speed varied between 540 and 650 km/s
during the entire day. The solar proton and X-ray fluxes
remained at background levels. The cosmic noise absorp-
6

tion measured by the Kiruna 30 MHz riometer increased
up to 2 dB during the PMWE event.
3. Possible physical mechanisms of high-speed PMWE

generation by infrasound

As pointed out in the Introduction, scatterers moving at
speeds of hundreds of m/s cannot be attributed to atmo-
spheric turbulence or microparticles moving with the wind.
Furthermore, observations of radar reflections with high
aspect sensitivity (see Sec. 2 and Kirkwood et al., 2006)
show that scatterers retain phase coherence over hundreds
of metres horizontally.

Acoustic wave of frequency f and horizontal component
k of the wave vector, the phase of pressure, density pertur-
bations and particle velocities move horizontally with the
speed 2pf/k, which is of the order of the sound speed,
c � 250–400 m/s, or larger. The absorption of acoustic
waves increases with altitude z as f2/q0(z) (Sutherland
and Bass, 2004), where q0 is the mass density of air. There-
fore, only low-frequency sound (infrasound) is expected to
be present at the MLT altitudes, with microbaroms as its
dominant component (e.g., Le Pichon et al., 2010). The
horizontal spatial scale of the acoustic wave phase varia-
tions, 2p/k � c/f, is about 1–3 km for typical microbarom
frequencies f = 0.1–0.35 Hz. Thus, infrasound has the req-
uisite properties to explain the high-speed PMWE observa-
tions described in Sec. 2, if the infrasound-induced
perturbations of the neutral atmosphere are translated into



Fig. 3. The same as Fig, 1, but for the PMWE event on 12 November 2018.
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the vertical gradients @n/oz of the radio wave refraction
index, which are responsible for radar wave reflections
(e.g., Gage and Balsley, 1980).

Motion of the neutral component of the atmosphere
entrains ions, which in turn affects electrons and the
refraction index n of VHF radar waves. Modulation of
the ambient electron density N0 by mechanical waves
results from perturbations in the air mass density and par-
ticle motion in the direction of the gradients (presumed
vertical) of N0 and q0. The specular reflection amplitude
of a radar pulse is mostly sensitive to the spectral compo-
nent of @n/oz at the radar Bragg scale (half-wavelength of
the radio wave), but the reflection amplitude can also be
significant when |@n/oz| is sufficiently large in a layer that
is thinner than the radar vertical resolution (see the
Appendix). Vertical scales of mass density perturbations
and particle motion due to acoustic-gravity waves, which
include both infrasonic and gravity waves, are much lar-
ger than the Bragg scale. In order to overcome the large
disparity between the scales and be able to explain specu-
lar reflections of VHF radar beams, Hocking et al. (1991)
and Hocking (2003) proposed that short, highly damped
mechanical waves (viscous, thermal, and diffusion waves),
which are generated at reflection of long acoustic-gravity
waves from sharp, horizontal interfaces within the atmo-
sphere, can create electron density (and, hence, refraction
index) inhomogeneities at the radar Bragg scale.
Kirkwood et al. (2006) considered the Hocking et al.
(1991) hypothesis as a possible mechanism for infrasound
generated PMWE. While viscous, thermal, and diffusion
7

waves are well-known in hydrodynamics, their terminol-
ogy is not fully settled. For example, alternative names
for the viscous waves include both ‘‘viscosity waves”
and ‘‘the vorticity mode”; thermal waves are also referred
to as ‘‘thermal-conduction waves” or ‘‘the entropy mode”
(see Pierce, 1989; Hocking et al., 1991; Brekhovskikh and
Godin, 1998 and the references therein).

One problem with the Hocking hypothesis (Hocking
et al., 1991; Hocking, 2003) and its extensions by
Kirkwood et al. (2006) is that the atmosphere does not
support stationary discontinuities in either temperature,
density or wind velocity. Significant, rapid, but continu-
ous changes of the neutral atmospheric parameters on
the scale of the VHF wavelength are also not expected
to occur in the MLT. Taking into account the results
from the previous work (Hocking et al., 1991; Hocking,
2003; Kirkwood et al., 2006; Belova et al., 2020), we con-
sider four possible mechanisms of infrasound-caused
specular radar reflection, which do not require sharp
interfaces in the MLT: (i) generation of viscous waves
at infrasound propagation in a continuously stratified
atmosphere; (ii) generation of thermal waves under the
same conditions; (iii) direct contributions of infrasound
to specular radar reflections; and (iv) generation of ther-
mal waves due to infrasound absorption and/or wave
breaking.

A quantitative analysis of these physical mechanisms is
outlined in the Appendix. Below, we summarise our find-
ings regarding these models for high-speed PMWE
generation.
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(i) Viscous waves

Viscous waves are of much shorter wavelength than
acoustic waves of the same frequency (in other words, the
viscous wave number kv = |kv|exp(ip/4) is much larger than
the acoustic wave number 2pf/c) as long as the attenuation
of acoustic waves per wavelength is small (Brekhovskikh
and Godin, 1998). Excitation of viscous waves occurs when
the acoustic wave propagates in an inhomogeneous fluid.
To first order in the small ratio of the acoustic and viscous
wavenumbers, the amplitude of the locally generated vis-
cous wave is proportional to the product of the density gra-
dient @q0/@z and the acoustic pressure. In a horizontally
stratified atmosphere, viscous waves have the same hori-
zontal scale and travel horizontally with the same speed
as the acoustic waves (sound waves) that caused them.
Unlike the sound, the viscous waves do not create mass
density perturbations, and the electron density perturba-
tions result from the viscous-wave-induced vertical particle
motion. Unless the gradient layer is unrealistically thin (of
the order of 1/|kv| or thinner), the viscous wave field and
resulting electron density perturbations prove to be much
weaker than in the case of a sharp interface with the same
overall change in q0.

Hocking et al. (1991), Hocking (2003), and Kirkwood
et al. (2006) implied, incorrectly, that the spatial spectrum
of monochromatic viscous waves in the atmosphere has a
sharp peak where the vertical wavenumber is equal to the
real part of kv, i.e., 2–1/2|kv|. In fact, the spectrum of @n/@
z proves to be rather broad, because the viscous waves
are strongly evanescent (see the Appendix). It has the width
of the order of |kv| and peaks around |kv|. At MLT alti-
tudes, the spectrum is likely to contain the VHF radar
Bragg scale and, hence, efficiently contribute to the coher-
ent radar reflection.

As demonstrated in the Appendix, the existence of a
strong density gradient is not sufficient for the viscous
waves to create fast-moving coherent radar reflections.
Some additional conditions need to be met. These addi-
tional conditions are satisfied when the non-zero tail of
the atmospheric turbulence spectrum extends into the
Bragg scale. Then, the fast-moving radar echoes can be
interpreted as the result of the turbulence spectrum being
modulated by the viscous waves, which are in turn, gener-
ated by and inherit the horizontal structure and horizontal
propagation speed of infrasound.

The additional conditions can also be met without tur-
bulence in another scenario, where the strong density gra-
dient @q0/@z exists in a layer which is thick compared to
the viscous wave and the radar wavelength (which are of
the order of 1 m), while simultaneously being thinner than
the radar range resolution (which is of the order of several
hundred metres). Out of these two scenarios, the second
one appears to be much more likely to occur.
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(ii) Thermal waves

Real atmosphere is not just viscous but also a thermally
conducting fluid (Sutherland and Bass, 2004). Thermal
waves are generated in parallel with the viscous waves at
sound propagation in inhomogeneous, thermally conduct-
ing, and viscous fluids. Unlike viscous waves, thermal
waves induce mass density oscillations in addition to parti-
cle motion. In the atmosphere, the complex wave number
of the thermal waves, kT, is close to that of the viscous
waves: kT/kv � 0.86. As for viscous waves, the amplitude
of the locally generated thermal waves is proportional to
the product of the acoustic pressure and the gradient
@q0/@z of the ambient mass density. In contrast to the vis-
cous waves, the main effect on the gradient @n/@z of the
refraction index arises from the thermal-wave-induced
mass density perturbation. The resulting effect of the ther-
mal waves on @n/@z proves to be much larger than that of
the viscous waves (see the Appendix).

The spatial spectrum of @n/@z has a very broad peak
around 2–1/2|kT|. Because the peak is so broad, the altitude
selectivity for VHF wave reflection does not originate from
the thermal waves having exactly the desired Bragg scale.
Instead, strong VHF reflections occur around maxima of
the absolute value of the product P = (p/q0

2)N0 oq0/oz
(see the Appendix), which involves the ambient electron
density N0 in addition to the acoustic pressure p, the ambi-
ent mass density q0, and its gradient. The occurrence of
thermal-wave-induced coherent radar echoes hence
requires that the altitude dependence of this product has
a non-zero component at the Bragg scale. As with the vis-
cous waves, the Bragg components in the spectrum of P
may occur due to turbulence or, much more likely, due
to the strong mass density gradient occurring in a layer
which is thinner than the range resolution of the radar
pulse. Alternatively, a large increase in N0 within a layer
with a vertical extent of a few hundred metres would be
translated by the thermal waves into coherent radar
reflections.

(iii) Direct contributions of infrasound

Acoustic waves modulate the electron density and affect
the radio wave refraction index n through wave-induced
changes in the mass density and particle motion along
the N0 gradient. These effects are not usually considered
in the PMWE context, because the infrasound wavelength
is much larger than the VHF radar wavelength, and
changes in n are not expected to have an appreciable com-
ponent at the Bragg scale. The latter reasoning can be ques-
tioned, because the altitude dependence of the acoustic
pressure is not necessarily sinusoidal. The wave number
spectrum is expected to broaden significantly in the vicinity
of caustics of acoustic rays, where the acoustic field transi-
tions from interference of two propagating waves on the
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insonified side of the caustic to the evanescent wave field on
its shadow side (e.g., Brekhovskikh and Godin, 1999). Fur-
thermore, amplification (focusing) of the acoustic field in
the caustic vicinity further enhances the direct acoustic
effect @n/oz (Belova et al., 2020). Nevertheless, quantitative
estimates show that, at microbarom frequencies and typical
values of large-scale temperature gradients, the spectrum
broadening and sound amplification fail to produce an
appreciable component of the acoustic field (and, hence,
@n/oz) at the VHF radar Bragg scale.

In another situation, where strong temperature and
mass density gradients exist in the MLT layer, which is
thinner than the acoustic wavelength and the radar vertical
resolution, sound scattering does produce acoustic field
components at the Bragg scale, but the resulting mass den-
sity variations and @n/oz prove to be weaker than the effect
of the thermal waves, which are generated by infrasound in
the same gradient layer.

(iv) Secondary waves generated as the result of sound
dissipation

All three mechanisms discussed so far are contingent on
the presence of strong gradients in the atmospheric param-
eters. During a recent sounding rocket campaign,
Strelnikov et al. (2021) observed PMWE occurrences in
the regions, where their in-situ measurements did not show
any sharp gradients of temperature or mass density.
Although high-speed PMWE were neither observed nor
specifically addressed by Strelnikov et al. (2021), it is
important to point out that infrasound can, in principle,
generate high-speed, high-aspect-ratio PMWE even in the
absence of the strong gradients. The conceivable mecha-
nism of such generation is associated with infrasound
dissipation.

The infrasound dissipation rate grows exponentially
with altitude as 1/q0 and further increases when infrasound
propagates against strong winds (Sutherland and Bass,
2004; Godin, 2014). Dissipation of infrasound in the
MLT region creates a spatially and temporally modulated
heat source, which generates thermal waves. As discussed
in the Appendix, these secondary thermal waves inherit
the time dependence and horizontal propagation speed of
the acoustic wave. The most efficient contribution of the
secondary thermal waves into VHF radar pulse reflection
is expected to occur when the infrasound dissipation peaks
in a relatively thin layer with a vertical extent of � 0.5 km
or less, e.g., in the vicinity of the ray turning point and/or
when the acoustic pressure amplitude approaches the
ambient pressure and the acoustic wave approaches
breaking.

In summary, the four physical processes, which are dis-
cussed above, occur simultaneously and may contribute in
various degrees to coherent radar reflections. All mecha-
nisms become more efficient with increasing electron den-
sity and acoustic pressure amplitude. The most probable
scenario, in which mechanisms (i) - (iii) are efficient in caus-
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ing radar reflections, also involves a thin layer with thick-
ness of a few hundred metres or less, where strong
gradients of the mass density and/or electron density occur.

Among the physical processes we have discussed,
infrasound-generated thermal waves appear to be the most
probable specific cause of the observed high-speed, high-
aspect-ratio PMWE events. With the acoustic pressure
due to microbaroms and air temperature at the PMWE
generation altitude as well as the vertical dependence of
the ambient air density and electron concentration around
this altitude as the input data, the mathematical model
developed in the Appendix readily provides a quantitative
prediction of the radar reflection coefficient due to the ther-
mal waves excited by weakly attenuating infrasound. More
detailed information about the acoustic pressure amplitude
variation as a function of altitude is required for a quanti-
tative estimation of the contribution of the secondary ther-
mal waves due to the infrasound dissipation.

4. Discussion

Highly aspect sensitive mesospheric echoes travelling
with a speed over 300 m/s were observed by ESRAD on
several occasions (Kirkwood et al., 2006; Kirkwood
2007). Such measurements are possible due to the configu-
ration of the ESRAD mesospheric experiments and analy-
sis. In the standard FCA (e.g. Holdsworth, 1995), high
velocities greater than 250 m/s are automatically rejected
as being unrealistic values for wind. We applied all selec-
tion criteria to derive FCA true velocity (e.g., Hocking
et al., 1989) but did not reject successfully derived high
velocity values. For derivation of the horizontal velocity,
the FCA method uses cross-correlation of the time series
of echoes received by three different antenna subarrays.
In order to resolve small time shifts between subarrays
i.e. to measure high speeds, the time series should be sam-
pled fast enough. We use short coherent integration times
in hardware: about 24 ms in Kirkwood et al. (2006) and
49 ms in this study, and do not apply additional coherent
integration for the analysis. Furthermore, in the FCA the
vertical radar beam is used that makes it possible to
observe (quasi)specular reflection/scattering. For radars
using the Doppler Beam Swinging method for derivation
of horizontal velocities, highly aspect sensitive echoes
(hs � 1�) will be undetectable with radar beams tilted at
5�-10� or larger angles.

High-speed PMWE are a relatively infrequent phe-
nomenon because their occurrence requires that sufficiently
strong infrasound waves (microbaroms) encounter favour-
able atmospheric conditions. As discussed in Sec. 3 and
demonstrated in the Appendix, the atmospheric conditions
facilitating PMWE generation are high electron density
and neutral temperature gradients and/or wind shear at
altitudes reached by microbaroms. The microbaroms gen-
erated by nonlinear interaction of surface gravity waves
in the North Sea provide strong, albeit intermittent, acous-
tic waves in the mesosphere above the ESRAD (Landès



Fig. 4. Colormap - vespagrams for 0.1–––0.4 Hz infrasound at IS37
integrated over apparent velocities above 350 m/s and normalised by the
maximum amplitude at each time step. Baz is back-azimuth. Black line
indicates a maximum microbarom amplitude.
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et al., 2014). Neither the occurrence of high electron den-
sity nor the required neutral atmosphere conditions are in
itself exceptional, but their coincidence in space and in time
with the independently generated infrasound wave packets
is expected to be infrequent.

In order to prove the generation mechanisms proposed
in Sec. 3 we need to know parameters describing the infra-
sonic wave field as well as the state of the neutral and
ionised atmosphere, with a high vertical resolution, locally
in the mesosphere, i.e. at the place and time of the PMWE
events. These data are not available. In-situ atmospheric
and plasma measurements have been performed during a
limited number of PMWE-dedicated rocket campaigns.
However, PMWE moving with high horizontal speed were
not registered at these occasions. Moreover, infrasound
measurement instrumentation is mainly ground-based,
with a limited number of balloon-borne observations
(e.g., Bowman and Albert, 2018). Also, it is difficult to
measure electron density gradients directly and with a high
vertical resolution of a few hundred meters in the lower
ionosphere, i.e. at the PMWE altitudes. Therefore, we pre-
sent here the infrasound observations, microbarom source
regions and propagation conditions for three PMWE
events shown in Sec. 2, which might support the proposed
high-speed PMWE generation hypotheses indirectly. We
also discuss ionospheric conditions during these events
using satellite observations.

4.1. Microbaroms and infrasound station

As mentioned in the previous sections, microbaroms are
infrasound signals originating from nonlinear interactions
of ocean surface waves (Brekhovskikh et al., 1973;
Waxler et al., 2007; De Carlo et al., 2020). The microbarom
frequency ranges typically between 0.1 and 0.35 Hz (Hupe
et al., 2019) with a central frequency of 0.2 Hz (Benioff and
Gutenberg, 1939). The weak attenuation of low frequencies
allows microbaroms to travel over long distances and to be
detected by infrasound stations around the globe (Christie
and Campus, 2010; De Carlo et al., 2021). In contrast to
other infrasound sources (e.g., volcanoes, seismic activity,
military explosions), microbaroms are neither localised at
a small area, nor stationary. Hence, microbarom signals
originating from different ocean regions may simultane-
ously be detected by an infrasound array.

In this study, data from one ground-based infrasound
array, IS37 are analysed. The station IS37 is located in Bar-
dufoss, Norway (69.07� N, 18.61� E) 170 km north-west
from ESRAD. The station consists of 10 MB3-type micro-
barometers and has an aperture of around 2 km (see, e.g.,
Gibbons et al., 2019). IS37 is a part of the International
Monitoring System for verification of the Comprehensive
Nuclear-Test-Ban Treaty (Dahlman et al., 2009; Marty,
2019).

Microbaroms detected by the IS37 array have recently
been analysed and compared to simulations (Vorobeva
et al., 2021; De Carlo et al., 2021), revealing a good agree-
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ment between the observed and predicted microbarom
fields.

4.2. Vespagrams

For each PMWE event we analyse the microbarom
fields recorded by the IS37 arrays during the whole day
of the event. This data is analysed on a sliding time window
of 1 h, over which the average microbarom-band pressure
is estimated every 30 min. This is complemented with a
vespagram-based array signal processing analysis
(Vorobeva et al., 2021), which shows the directional distri-
bution of the microbarom energy impinging the array for a
given apparent velocity.

Fig. 4 displays vespagrams obtained from 0.1 to 0.4 Hz
bandpass filtered infrasound recordings at the IS37 station
and integrated over apparent velocities above 350 m/s. The
apparent velocity is the horizontal velocity with which



Fig. 5. Colormap shows effective sound speed at the pressure level of
1 hPa based on the ERA5 reanalysis for 4 November 2015, 6:00 UT.
Upward-pointing triangle is the station IS37, downward-pointing triangle
is the ESRAD site. Black contours are log base 10 of the equivalent
surface pressure spectral density from the WWIII model (considered as
microbarom source). Red arrows indicate atmospheric wind at the
pressure level of 1 hPa predicted by the ERA5 reanalysis.

Fig. 6. The same as Fig. 5, but for 22 December 2016, 9:00 UT.
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infrasound travels across the array, and can be used as an
indicator of the altitude from which the signal is coming. It
has been shown in previous studies (Rind et al., 1973;
Lonzaga, 2015; Vorobeva et al., 2021) that apparent veloc-
ity of 350 m/s corresponds to the higher stratosphere
(�50 km). Thus, integration of vespagrams over high
apparent velocities provides an estimate of energy coming
from 50 km altitude and above (higher stratosphere - meso-
sphere), where PMWE were observed.

As can be seen in Fig. 4, microbaroms impinging from
270�±20� azimuth are dominating. Based on the IS37 sta-
tion location, the most likely microbarom source is located
in the North Atlantic. The difference in vespagram ampli-
tude suggests that the microbarom source in November
2015 and 2018 was located further away from the infra-
sound station than in December 2016, and hence, was more
attenuated.

4.3. Microbarom source and propagation

In this section, we assess infrasound propagation condi-
tions from the microbarom source location to the infra-
sound station. We combine models for the microbarom
source location and strength with the winds and tempera-
tures of an atmospheric model product.

The microbarom source modelling product used in this
study is based on the WAVEWATCH III ocean wave
model (The The WAVEWATCH III:� Development
Group, 2016, hereafter WWIII). The model output is given
on a latitude-longitude grid with 0.5��0.5� spacing and 3-
hour time resolution. One of the WWIII outputs estimates
the spectral density of the equivalent surface pressure forc-
ing microbaroms ([dataset] denoted p2l and available via
ftp://ftp.ifremer.fr/ifremer/ww3/HINDCAST/SISMO/).
This parameter from the time closest to the PMWE event is
used as an estimate of microbarom source strength. The
pressure-level of the fifth generation ECMWF (ECMWF
(2018). reanalysis (ERA5) provides hourly information
about atmospheric wind and temperature at 37 levels with
0.25��0.25� horizontal resolution (Hersbach et al., 2020).
In this study, the microbarom oceanic source and the
IS37 station are separated by thousands of kilometres.
Hence, the presence of a waveguide that is responsible
for ducting between the ground and various atmospheric
layers is necessary for microbaroms to reach the station.
The stratospheric waveguide allows infrasound to travel
over longer distances without being strongly attenuated
compared to the thermospheric waveguide (Hedlin et al.,
2012). For this reason, the effective sound speed ceff (see,
e.g., Godin, 2002) is estimated at 1 hPa reanalysis pressure
level (�50 km altitude) in order to assess the microbarom
propagation conditions towards the IS37 station, ceff(-
z) = 20.05 T(z) + u\(z), where T is the atmospheric temper-
ature and u\ is the projection of the atmospheric wind in
the direction to the station. Following Snell’s law in a
range-independent medium, surface-to-surface refractive
ducting conditions are favourable when the effective sound
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speed increases as a function of altitude above the ground.
However, for the lower frequency microbarom regime
ducting often occurs for effective sound speed ratios down
to �0.9 (Green and Nippress, 2019; Vergoz et al., 2019).
Figs. 5-7 present the geographical maps where the micro-
barom source amplitude at the sea surface level and the
effective sound speed at about 50 km are shown for each
of three high-speed PMWE events.

PMWE event 1 (Fig. 5): There is an indication of strong
ocean wave activity in the North Atlantic close to Green-
land (black dashed contours). The direction to the source
corresponds to the one found by the vespagram-based
analysis of the infrasound recordings in Fig. 4a. The ‘‘hot
spot” (strongest ocean activity as presented by black con-

http://ftp.ifremer.fr/ifremer/ww3/HINDCAST/SISMO/


Fig. 7. The same as Fig. 5, but for 12 November 2018, 6:00 UT.
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tours) is far away from IS37 station which explains a rela-
tively weak microbarom amplitude. ceff is high above the
North Atlantic Ocean, which would support a strato-
spheric multi-bounce infrasound waveguide. The strato-
spheric wind direction is favourable and would support
microbarom propagation towards the infrasound station
and ESRAD site.

PMWE event 2 (Fig. 6): It shows that the microbarom
source is stronger and located closer to the IS37 station
compared to that on 4 November 2015. This explains
higher values of microbarom amplitudes estimated by the
vespagram-based approach (Fig. 4b). The effective sound
speed at 1 hPa pressure level is highest above Greenland
and the North Atlantic and has values up to 400 m/s. This
magnitude is sufficient to reflect infrasound and hence, to
support stratospheric waveguide. In this case, stratospheric
wind is directed near perpendicular to the infrasound prop-
agation (is also called cross-wind). It might cause a differ-
ence between microbarom back-azimuth observed at the
infrasound station (the vespagram approach) and the real
one (Blixt et al., 2019).

PMWE event 3 (Fig. 7): The microbarom source loca-
tion and strength are similar to 4 November 2015
(Fig. 5). This explains the similarity of microbarom ampli-
tude in the vespagrams. The high ceff values at 1 hPa pres-
sure level above the North Atlantic indicate that
stratospheric waveguide is possible. Stratospheric wind is
in direction to the station (is also called tail-wind). The
presence of a tail-wind, together with high ceff values,
would create a waveguide with a very high degree of prob-
ability (Blixt et al., 2019).

Further assessment of themicrobarom field at the PMWE
altitudes and dates may be performed via in-depth wave-
propagation analysis using, e.g., parabolic equation-based
simulation frameworks. There are expected to be contribu-
tions both from MLT ducted microbaroms and from
upward leakage of stratospherically ducted microbaroms.
This can be a subject for further studies elsewhere.

Regarding experimental evidence of microbarom-related
effects at the mesosphere altitudes, it can be noted that Le
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Du et al. (2020) detected microbarom signatures at 87 km
altitude using OH airglow observations above the Haute-
Provence Observatory, France.

4.4. Ionospheric conditions

In Sec. 2.3, the observations of the solar wind speed
made onboard of GOES satellites and cosmic noise absorp-
tion made by the ground-based riometers in Kiruna were
described for each of the PMWE events. All three events
were characterised by action of the high-speed solar wind
streams on the Earth’s atmosphere that resulted in ener-
getic electron precipitation from the magnetosphere. This,
in turn, leads to increased ionisation in the ionospheric
D-region, i.e. at the PMWE altitudes as indicated by the
enhanced cosmic noise absorption measured by the riome-
ters. The PMWE event on 4 November 2015 is charac-
terised by stronger D-region ionisation than two other
PMWE events. Very high cosmic noise absorption of
6 dB that was measured by the Kiruna riometer on 4
November 2015 is a sign of this ionisation.

4.5. Assessment of generation mechanisms

As pointed out in the summary of Sec. 3, all proposed
mechanisms work more effectively with increasing electron
density and infrasound signal amplitude at the point of
PMWE generation. We found that at the time of the
selected PMWE events the infrasound waves generated
by the sources located in the North Atlantic could reach
mesospheric heights above ESRAD due to effective duct-
ing. In the absence of in-situ infrasound measurements,
the maximum of the microbarom amplitude with apparent
velocity of more than 350 m/s at IS37 is used to make an
assumption of the acoustic signal strength at mesospheric
heights. The infrasound data used in this study were
obtained from IS37 which is located about 170 km from
the ESRAD site. This distance is much shorter than the dis-
tance between the ESRAD site and the microbarom source
(see Figs. 5-7). Thus, we do not expect any substantial dif-
ference between the microbarom signals at these two sites.
For the second event the microbarom amplitude was about
3 times higher than for two others, however, the PMWE
were more powerful for the first event, probably because
the electron density was strongly enhanced.

We can conclude that during all three PMWE events the
local atmospheric and plasma conditions were favourable
for hypothetical enabling of all four physical mechanisms
discussed in Sec. 3. These conditions include: (1) strong
(in terms of amplitude) microbarom source, (2) atmo-
spheric conditions facilitating infrasound propagation
toward the radar site, (3) successful microbarom detection
at the ground station located relatively close to the radar,
and (4) the enhanced electron density (and possibly,
increased gradients of electron density) at the PMWE alti-
tudes. Infrasound-generated thermal waves are the most
probable specific cause of the observed high-speed and
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high-aspect-ratio PMWE events. However, the limited
experimental data do not allow us to offer a detailed, quan-
titative assessment of efficiency of various physical mecha-
nisms considered in Sec. 3 in the process of high-speed
PMWE generation during the selected events. We have
no direct experimental evidence for existence of thin layers
where strong gradients in the neutral atmosphere and/or
electron density occur. Nevertheless, in all three cases ener-
getic electron precipitation occurred which could have
caused such layers in the electron density.
5. Conclusions

In this paper we considered three PMWE events mea-
sured by the MST radar ESRAD located near Kiruna in
northern Sweden. These events were characterised by
shorter periods when the echoes had high horizontal veloc-
ities above 300 m/s. During these PMWE events, the Earth
atmosphere was also affected by the high-speed solar wind
streams, and strong ionospheric disturbances were regis-
tered by riometers at Kiruna. In order to explain the
extraordinarily large horizontal velocities during these
echoes, we proposed four mechanisms involving micro-
baroms i.e. infrasound waves at 0.1–0.35 Hz frequencies
originating from ocean swell. These mechanisms include
(i) generation of viscous waves, (ii) generation of thermal
waves, (iii) direct contributions of infrasound, and (iv) gen-
eration of secondary waves at sound dissipation. All four
mechanisms can simultaneously contribute to the high-
speed PMWE generation. Under certain conditions in the
neutral atmosphere and plasma in the region of meso-
spheric echo generation, some mechanisms can be more
efficient than others. For instance, from the theoretical
considerations we expect that infrasound-generated ther-
mal waves are the most probable cause of the high-speed
PMWE. For assessment of the proposed mechanisms, we
analysed the infrasound signals detected at IS37 station
located at about 170 km north-west from Kiruna, together
with the modelled maps of the microbarom sources and the
effective sound speed at 50 km altitude. Since we used
microbarom propagation in the stratosphere as a proxy,
due to absence of mesospheric in-situ infrasound data, we
might also expect contributions of microbarom leakage
from the stratospheric waveguide and of MLT ducted
modes. We conclude that for all three PMWE events,
atmospheric conditions favoured propagation of micro-
baroms originating in the North Atlantic to IS37 and Kir-
una via effective stratospheric ducts and that the
microbarom amplitudes were likely to be sufficient for gen-
eration of the observed high-speed PMWE.
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Appendix. Model of generation of High-Speed PMWE by

infrasound

Here we outline the quantitative analysis of four possi-
ble physical mechanisms of PMWE generation by infra-
sound in a continuously stratified MLT, which are
discussed in Sec.3.

A.1. Radar scattering due to mechanical waves in the MLT

Acoustic waves introduce time-dependent changes in
pressure, temperature, and the fluid (air) density and are
accompanied by oscillatory motion of fluid parcels. These
perturbations of the ambient state are reflected in the elec-
tron density.

Assuming for simplicity that the atmosphere remains
neutral during passage of an acoustic wave (i.e., electrons
follow ions and move with neutral component of the atmo-
sphere) and disregarding all ionisation and recombination
processes, electron density N (i.e., the number of electrons
per unit volume) satisfies the equation

@N
@t

þr � NVð Þ ¼ 0: ðA1Þ

Here t stands for time, V = v + u is the fluid parcel veloc-
ity, which is the sum of the wind velocity u and the oscilla-
tory velocity v due to waves. Eq. (A1) expresses
conservation of the total number of electrons and coincides
with the usual equation for the density of advected admix-
tures (passive tracers) (Brekhovskikh and Godin, 1999).

In a homogeneous atmosphere with uniform electron
density and no wind, N/N0 = q/q0, where q is mass density
and subscript 0 refers to ambient (unperturbed) values of
respective physical quantities. The relation between wave-
induced perturbations N1 = N – N0 and q1 = q – q0 in
the electron and mass density is more involved in the
actual, inhomogeneous atmosphere. For waves with the
harmonic dependence exp(ik_sr � ixt) on horizontal coor-
dinates and time, linearization of Eq. (A1) with respect to
the wave amplitude gives:
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Here r = (x, y, z) and k = (k1, k2, 0) are the position vec-
tor and horizontal wave vector; x, y, and z are Cartesian
coordinates with the vertical coordinate z increasing
upwards; v = (v1, v2, v3). It is assumed in Eq. (A2), that
the wind velocity is horizontal and physical parameters of
the ambient (unperturbed) atmosphere depend only on z.
Eq. (A2) shows that, in addition to mass density variations,
first-order changes in the electron density are caused by the
wave-induced oscillatory displacement of fluid parcels in
the direction of variation of the ambient electron density
N0. Depending on the value of @N0/oz, the term with v3

may dominate in the right side of Eq. (A2). This is partic-
ularly important for the waves, such as viscous waves, in
which mass density perturbation q1 is negligible.

Specular reflection of a radar beam occurs when it
encounters inhomogeneities of the electromagnetic wave
refraction index n, that are coherent in two transverse
dimensions to the beam at horizontal ranges larger than
a Fresnel zone. Gage and Balsley (1980) refer to such a
reflection as a Fresnel reflection. The Fresnel zone radius
is of the order of a few kilometres for the radars and
PMWE altitudes for the observations described in Sec. 2.
The condition of the coherent electron density and, hence,
refraction index variations over such scales are met for per-
turbations of horizontally stratified ambient atmosphere
due to microbaroms that propagate to the radar vicinity
from distant sources.

For the electromagnetic wave reflection coefficient of a
radar beam with the range resolution Dr from the altitude
H, Gage and Balsley (1980) use the equation

R ¼ 1

4

Z HþDr=2

H�Dr=2
F
@n
@z

exp
4ipz
kR

� �
dz

����
����
2

ðA3Þ

with F = 1, where kR is the radar wavelength. The radar
beam is assumed to be vertical. At the altitudes of interest
in the PWME problem

rn ¼ � 2Ncð Þ�1rN ; ðA4Þ
where N(r) and Nc are the electron density and the critical
plasma density, respectively. Nc (in m�3) is related to the

radar frequency fR (in MHz) by Nc ¼ 1:24 � 10�2f 2
R (Gage

and Balsley, 1980).
Reflections of different strengths, or no reflections at all,

are returned fromdifferent altitudesH depending on themag-
nitude and spectrum of on/oz at H – Dr/2 < z < H + Dr/2. If
on/oz = 0 outside of this interval, R is proportional to the
value of the one-dimensional spatial spectrum of the refrac-
tion index gradient evaluated at the Bragg wavenumber equal
twice the wavenumber of the electromagnetic wave. It is
important to note that, however, even when on/oz is constant
and, hence, has zero spectrum level at theBraggwavenumber,
Eq. (A3) (with F = 1) gives non-negligible values of R on the

order ofR � 0:5 4pð Þ�2 kR@n=@zð Þ2(unless the ratioDr=kR is an
integer).

Eq. (A3) with F = 1 is just the Born approximation for
electromagnetic wave reflection from a continuously strati-
14
fied layered medium (see, e.g., Brekhovskikh and Godin,
1998). It implies that the incident wave intensity is constant
within the ‘box-car’ radar pulse (i.e., at H – Dr/2 < z < H +

Dr/2) and is zero outside, which is an idealisation. The factor
F is included in Eq. (A3) to account for the pulse shape. A
smooth pulse shape that gradually goes to zero with increas-
ing | z – H | can significantly decrease R when the spectrum
of on/oz does not include components at or around the
Bragg wavenumber. For typical values of Dr=kR � 1, the
magnitude of the decrease is dramatically different for pulses
with the Gaussian and trapezoidal shapes.
A.2. Generation of viscous waves by an acoustic wave in a
continuously stratified fluid

Here we consider an inhomogeneous viscous fluid and,
for now, disregard its thermal conductivity. Acoustic and
viscous waves do not interact in homogeneous, unbounded
viscous fluids, but become coupled at boundaries and inter-
faces as well as by gradients of the fluid’s parameters (den-
sity qo, sound speed c, and shear viscosity g) (Pierce, 1989;
Brekhovskikh and Godin, 1998). When an acoustic wave is
incident on a boundary or interface or propagates through
an inhomogeneous layer, viscous waves are generated due
to the coupling. The coupling has been previously consid-
ered at a boundary of a homogeneous fluid and at an inter-
face of two homogeneous fluids (Savel’ev, 1973; Pierce,
1989; Brekhovskikh and Godin, 1998). To extend the the-
ory to coupling in continuously varying fluid, we take
advantage of the known fact that, in the absence of wind,
linear wave propagation of monochromatic waves in a vis-
cous fluid is mathematically equivalent to wave propaga-
tion in a solid with shear modulus l = –ixg, where x is
the wave frequency (Brekhovskikh and Godin, 1998).
Then, the viscous waves are the corresponding shear waves
with the complex wave number

kv ¼ x
ffiffiffiffiffi
q0

l

r
¼ 1 þ ið Þ

ffiffiffiffiffiffiffiffi
xq0

2g

r
: ðA5Þ

In the atmosphere, |kv| decreases exponentially with alti-
tude because of the density variation. At the altitudes of
interest in the PMWE problem, infrasound attenuation
per wavelength is small, |kv| � x/c, and, therefore, viscosity
and equivalent shear rigidity are also small in the following
sense: |l| = x g � q0c

2. Note that, unlike acoustic waves,
the density changes in viscous waves are negligible and
are exactly zero in homogeneous fluids, just as in the shear
waves in homogeneous solids.

Consider a horizontally stratified viscous fluid, parame-
ters of which depend only on the altitude z. Acoustic waves
with the harmonic dependence exp ik � r� ixtð Þ;
k ¼ k; 0; 0ð Þ on horizontal coordinates and time will gener-
ate viscous waves with the same dependence on �, y, and t.
Our goal here is to relate the amplitude of the viscous
waves to gradients of the atmospheric parameters. Let
the ambient parameters of the fluid vary on a spatial scale
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that is large compared to 1/|kv| in a thick ‘‘gradient layer.”
We first approximate the gradient layer by a sequence of
small jumps in the ambient parameters qo(z), c(z), and g
(z) at z = zj, j = 1, 2, . . .. The jumps (interfaces) are sepa-
rated by a distance large compared to 1/|kv|, so that the vis-
cous waves generated at one interface attenuate and do not
reach another interface. Parameters of the fluid are con-
stant in every thin layer between two adjacent interfaces.

The problem of conversion of compressional to shear
waves in a discreetly stratified solid with weak shear rigid-
ity was recently studied by Godin (2021). Taking advan-
tage of the mathematical equivalence between shear
waves in solids and viscous waves in fluids, we find that
an acoustic wave will generate a viscous wave with fluid
parcel velocities v = (v1, 0, v3)

v1 ¼
z� zj
� �

b

z� zj
�� ��k v3; v3

¼ � k2p
2xkvq2

0

q0j exp ib z� zj
�� ��� �

; b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2
v � k2

q
; ðA6Þ

at the jth interface. Here and below the dependence
exp ik � r� ixtð Þ ¼ exp ikx� ixtð Þ on horizontal coordi-
nates and time is implied and suppressed for brevity; the
branch of the square root is chosen so that the imaginary

part is non-negative: Im
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2
v � k2

q
P 0. In Eq. (A6), p

stands for the acoustic pressure in the sound wave at
z = zj, and q0j = q0(zj + 0) – q0(zj – 0) is the jump of density
across the interface. Importantly, the sound wave can be
any combination of the acoustic waves travelling up and
down or evanescent, but with the same horizontal wave
vector k. In Eq. (A6), we retained only the terms of the first
order with respect to (i) the small jumps of the ambient
parameters across the interface, and to (ii) the small param-
eter |kv|

–1x/c � 1. According to Eq. (A6), the fluid motion
in the viscous wave is nearly horizontal since |b| � |kv| � |k|,
regardless of the direction of sound propagation. The first-
order contributions to the viscous wave generation are due
to ambient density jump across the interface, while jumps
in the sound speed or viscosity do not give any first-order
contributions. Although not considered here, additional
contributions to the viscous wave generation are expected
to result from the wind shear, i.e., from variations of the
wind velocity with z.

The combined effect of all the interfaces is given by the
sum of contributions in Eq. (A6):

v1 zð Þ ¼ 1

ik
@v3

@z
; v3 zð Þ

¼ � k2

2x

X
j

p
kvq2

0

q0j exp ib z� zj
�� ��� �

: ðA7Þ

The sum in the right side of Eq. (A7) is a discrete
approximation of an integral over dzj and reduces to the
integral in the limit of the infinite number of the interfaces:
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v1 zð Þ ¼ 1

ik
@v3

@z
; v3 zð Þ

¼ � k2

2x

Z
p

kvq2
0

@q0

@z0
exp ib z� z0j jð Þdz0; ðA8Þ

where the integration extends through the entire gradi-
ent layer. Eq. (A8) gives the dominant term of the asymp-
totic solution of the problem of the viscous wave
generation in the continuously stratified fluid. As expected,
the solution is independent of the arbitrary choice of posi-
tions of the auxiliary interfaces z = zj.

From Eq. (A2) we find:

N 1 ¼ iv3N 0

x
1

q0

@q0

@z
� 1

N 0

@N 0

@z

� �
ðA9Þ

for the electron density perturbation due to the viscous
waves. In the case of a single, sharp interface at z = z1,

the spatial Fourier spectrum n0
�
z lð Þ of the derivative @n/oz

of the refraction index in Eq. (A3) has a peak around
l ¼ bj j � kvj j. Indeed, from Eq. (A4), (A6) and (A)9 we
find:

n0
�
z lð Þ ¼ il

2Nex
N
�

1 lð Þ

� �l
2Nex

N 0

q0

@q0

@z
� @N 0

@z

� �����
z¼z1

v
�

3 lð Þ; ðA10Þ

v
�

3 lð Þ ¼ 1

2p

Z 1

�1
e�ilzv3dz

¼ ik2p
2pxkvq2

0

����
z¼z1

e�ilz1
q01b z1ð Þ

l2 � b2 z1ð Þ : ðA11Þ

According to Eq. (A10) and (A11), the dependence of

n0
�
z lð Þ on the spectral parameter a is given by the factor B:

B lð Þ ¼ e�iaz1
lb z1ð Þ

l2 � b2 z1ð Þ : ðA12Þ

Recall that b is complex and close to kv according to
Eqs. (A5) and (A6), while m is real-valued. Hence, B is
always finite; B � 1 when |m /b| � 1, and B = 0 when either
m = 0 or a|?1. The absolute value of B and, hence, of the
spectrum of on/oz is maximum at m = ± mm,

lm ¼ k4
v

�� ��þ k4
� �1=4 � kvj j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
xq0=g

p
: ðA13Þ

Note that, unlike the case of real b, the spectral peaks
are not very sharp when Im b � Re b. However, the con-
trast between the spectral values at m = ± m m and at |m|
� |b| or |m| � |b| is very large. Hocking et al. (1991),
Hocking (2003) and Kirkwood et al. (2006) argued that
these spectral peaks lead to specular radar reflection from
the altitudes, where lm = 4p/kR. (Based on qualitative argu-
ments, Hocking et al. (1991), Hocking (2003) and
Kirkwood et al. (2006) implied, incorrectly, that

lm ¼ Rekv ¼ 2�1=2 kvj j.).
As in the case of a sharp interface, the presence of the

factor exp ib z� z0j jð Þ in the integrand in Eq. (A8) has a
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similar effect on the spectra of N1 and @n/oz, when the vis-
cous waves are generated in a gradually stratified atmo-
sphere. It is easiest to see in the case, when
N 0q�1

0 @q0=@z� @N 0=@z and kv vary little and can be
assumed constant either in the range of altitudes, where
the viscous waves are generated, or within the vertical res-
olution range H – Dr/2 < z < H + Dr/2 of the radar. Then,
Eq. (A10) remains valid, with z1 being an arbitrary point
within, respectively, the viscous wave generation layer or
the resolution range. For the v3 spectrum, from Eq. (A8)
we find:

v
�

3 lð Þ ¼ ik2b

xkv l2 � b2
� �

�����
z¼z1

e�ilz1D lð Þ;

D lð Þ ¼
Z 1

�1
e�il z�z1ð Þ @q0

@z0

pdz
2pq2

0

; ðA14Þ

where D(m) is proportional to the spectrum of
pq�2

0 @q0=@z. Eq. (A14) is similar to Eq. (A11). Assuming
that D(m) has no scales of the order of |kv|, the dependence
D(m) is reasonably flat in the vicinity of m = ± mm. As long
as the spectrum of pq�2

0 @q0=@z is nonzero in the vicinity of
m = ± mm, it follows from Eq. (A10) and (A14) that the

dependence of the spectrum n0
�
z lð Þ of on/oz on m is again

given approximately by B(m) in Eq. (A12) and, therefore,
is expected to have the same peaks as in the case of a sharp
interface.

Aside from the large-wavenumber components of the
spectrum being artificially generated by the finite range res-
olution, as discussed in Sec. A.1, there are at least two sit-
uations, when D(m) is nonzero in the vicinity of m = ± mm
regardless of the pulse shape of the radar pulse. First, the
spectral components around m = ± mm may represent
atmospheric turbulence, perhaps a tail of the turbulence
spectrum. Then, the fast-moving coherent echoes are a
combined result of the atmospheric turbulence and the vis-
cous waves, the latter being generated by infrasound. Sec-
ond, the needed spectral components of D(m) arise, when
the strong gradient oq0/oz of the density exists in a layer,
which is thick compared to viscous wave and radar wave-
lengths but smaller than the range resolution 2Dr in Eq.
(A3). Of these two scenarios, the second situation appears
to be a likelier mechanism of producing detectable ampli-
tudes of the coherent radar reflections.
A.3. Generation of thermal waves by an acoustic wave in a
continuously stratified fluid

In addition to acoustic and viscous waves, mechanical
waves in fluids include thermal waves, or the ‘‘entropy
mode.” The thermal waves arise due to finite, non-zero
thermal conductivity of the fluid. In the regime of ‘‘weak”
viscosity and thermal conductivity, when absorption of
sound is small over ranges of the order of the acoustic
wavelength, the wavenumber of thermal waves is (Pierce,
1989; Brekhovskikh and Godin, 1998)
16
kT ¼ 1 þ ið Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xq0Cp

2j

r
; ðA15Þ

where j are Cp are the thermal conductivity and specific
heat at constant pressure. The thermal waves are rapidly
attenuating ones. The wavenumber of thermal waves is com-
plex and, just as for viscous waves, has equal real and imag-
inary parts, which are much larger than the acoustic
wavenumber: RekT = ImkT � x/c. Kinematically, thermal
and viscous waves are very similar. Moreover, |kv| and |kT|
have comparable values in the atmosphere, regardless of
the altitude and wave frequency. Indeed, Eq. (A5) and
(A15) give

kT
kv

¼
ffiffiffiffiffi
Pr

p
; Pr ¼ gCp

j
ðA16Þ

in terms of the Prandtl numberPr. The Prandtl number is
nearly constant in the atmosphere, and to a good accuracy
Pr = 4c/(9c – 5), where c is the ratio of specific heats at con-
stant pressure and constant volume (Sutherland and Bass,
2004). With c = 1.4 we have Pr = 14/19 and kT/kv � 0.86.

Unlike the viscous waves, propagation of thermal waves
is accompanied by mass density variations and, therefore,
can lead to electron density perturbations in a homoge-
neous atmospheric layer with constant electron density.
Oscillatory velocity of fluid parcels in a monochromatic
thermal wave is related to the pressure perturbation p by
the same relation as for acoustic waves, while the density
perturbation for a given p is much larger than in acoustic
waves (Brekhovskikh and Godin, 1998):

v ¼ rp
ixq0

; q1 ¼
k2
T

x2
p: ðA17Þ

When viscosity and thermal conductivity are both weak,
excitation of viscous and thermal waves by an acoustic wave
can be considered separately. Excitation of viscous waves in
a fluid with a negligible thermal conductivity is considered
in Sec. A.2. Here we consider reflection and, more generally,
propagation of acoustic waves in an inviscid, thermally con-
ducting fluid. At an interface in a thermally conducting
fluid, waves must satisfy the boundary conditions of conti-
nuity of pressure, temperature, normal component of the
oscillatory, or fluid parcel, velocity, and normal (to the
interface) component of the heat flux (Brekhovskikh and
Godin, 1998). Let a plane acoustic wave with the depen-
dence exp ik � r� ixtð Þ ¼ exp ikx� ixtð Þ on horizontal
coordinates and time be incident from below on the hori-
zontal interface z = z0 of two homogeneous fluids. Parame-
ters of the fluids below and above the interface will be
distinguished by using the subscripts 1 and 2, respectively.
The pressure perturbations due to acoustic and thermal
waves are given by the expressions

p ¼ pin exp ia1 z� z0ð Þð Þ þ V a exp ia1 z0 � zð Þð Þ þ V T exp ib1 z0 � zð Þð Þ½ 	;
b1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2
T 1 � k2

q
; z < z0;

ðA18Þ
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p ¼ pin W a exp ia2 z� z0ð Þð Þ þ W T exp ib2 z� z0ð Þð Þ½ 	;
b2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2
T2 � k2

q
; z > z0:

ðA19Þ
The common factor exp ikx� ixtð Þ is suppressed for

brevity. In Eq. (A18) and (A19), a1, 2 and b1, 2 stand for
the vertical components of the acoustic and thermal wave
vectors in respective fluids; pin has the meaning of the com-
plex amplitude of the incident wave at z = z0.

The reflection Va and transmission Wa coefficients of the
acoustic wave as well as the complex amplitudes VT and
WT of the thermal waves in each of the fluids are found
by imposing the above-stated boundary conditions. The
exact expressions are cumbersome, and we present here
only approximate results for the thermal wave amplitudes,
which are valid to first order in the relative variations of the
thermal conductivity, mass density, and sound speed across
the interface:

V T ¼ �W T ¼ c� 1ð Þx2S

2k2
T c

2
; ðA20Þ

S ¼ c1p01Cp2q2
02c

2
2

c2p02Cp1q2
01c

2
1

� 1: ðA21Þ

The quantities kT, c, c without subscripts refer to the
average of the respective parameters on the opposite sides
of the interface. Only the dominant-order terms in the
small parameter |x/ckT| � 1 are retained in Eq. (A20).
From Eq. (A17)–(A20) we find

@q1

@z
¼ i c� 1ð ÞkT

2c2
pinSe

ikT z�z0j j ðA22Þ

for the density perturbation due to the thermal waves.
This result is similar to Eq. (A6) for the vertical velocity
due to viscous waves at reflection from a sharp interface.
Eq. (A22) does not contain a or k and, therefore, applies
to reflection of an arbitrary acoustic wave, which can
include upward- and downward-propagating components.

In the particular case of the fluid being an ideal gas of
constant composition, Eq. (A21) simplifies and S reduces
to the relative change in mass density across the interface.
The thermal waves in Eq. (A22) create perturbations in the
electron density even when its gradients are negligible.
From Eq. (A2), (A4) and (A22) we find

@n
@z

¼ � iN 0 c� 1ð ÞkTdq0

4Neq2
0c2

pine
ikT z�z0j j ðA23Þ

for the gradient of the refraction index of radio waves.
The amplitude of the refraction index gradient caused by
the thermal waves differs by the factor

kTN 0 @N 0=@zð Þ�1
��� ���� 1 from the gradient caused by viscous

waves (Sec. A.2). Hence, the effect of thermal waves is
orders of magnitude larger than the effect of viscous waves
at infrasound reflection from a sharp interface.

Generation of the thermal waves at sound propagation
through a continuously stratified fluid can be considered
17
by approximating the continuous stratification by a series
of discontinuous variation across a large number of hori-
zontal interfaces. Quite analogously to derivation of Eq.
(A8) in Sec. A.2, from Eq. (A22) and (A23) we find

@q1

@z
¼ i c� 1ð Þ

2

Z
kT p
q0c2

@q0

@z0
eikT z�z0j jdz0; ðA24Þ

@n
@z

¼ � i c� 1ð Þ
4Ne

Z
kT p
q2

0c2

@q0

@z0
N 0eikT z�z0j jdz0 ðA25Þ

for the effect of the thermal waves. In Eq. (A24) and
(A25), p is the acoustic pressure in the infrasonic wave.

The spatial spectrum of @n/oz can be calculated just as in
Sec. A.2. The spectrum peaks around ± RekT. These peaks
are large but very wide. They are even wider, than in the
case of viscous waves. This means that the altitude selectiv-
ity for electromagnetic wave reflection originates not from
the thermal waves having exactly the desired Bragg scale
but from the altitude dependence of the product (p/q0

2)

N0oq0/oz in the integrand in Eq. (A25). Much like in the
case of viscous waves, the occurrence of coherent radar
echoes because of the thermal waves requires that the alti-
tude dependence of (p/q0

2)N0oq0/oz within the altitude
range H – Dr < z < H + Dr has a non-zero component at
the Bragg scale. Then, according to Eq. (A25), the ampli-
tude of the Bragg component in @n/oz is enhanced by the
thermal waves. As discussed in Sec. A.2 in the context of
the radar scattering facilitated by the viscous waves, the
Bragg components in the spectrum of (p/q0

2)N0oq0/oz
may occur due to turbulence or, more likely, from the sig-
nificant density gradient @q0/oz occurring in a layer that is
thinner than the range resolution of the radar pulse.
A.4. Direct contributions of infrasound to specular radar

reflections

The physical mechanisms of the radar reflection dis-
cussed so far involved short, evanescent waves generated
by infrasound at propagation through layers with large
temperature gradients in the atmosphere. The direct contri-
butions of infrasound to the electromagnetic wave reflec-
tion coefficient R in Eq. (A3) are not normally
considered, because the infrasound wavelength is much
longer than the radar wavelength, and the acoustic field
is not supposed to have any spectral components at the
Bragg wavenumber.

The above reasoning is largely but not entirely correct
because, first, dependence of the acoustic field on altitude
is not necessarily sinusoidal, and second, the integral in
the right side of Eq. (A3) is taken over a finite altitude
range sinusoidal, and third, the integral in the right side
of Eq. (A3) is taken over a finite altitude range H – D-
r/2 < z < H + Dr/2. As discussed in Sec. A.1, R may have
non-negligible values even when @n/oz = constant at H –
Dr/2 < z < H + Dr/2.

The largest direct contributions of acoustic waves to
radar specular reflection are expected to occur, when (i) rel-
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ative density perturbations and/or oscillatory velocity in
the acoustic wave are large, and (ii) the acoustic wave is
not sinusoidal, and its altitude dependence has a broad
wavenumber spectrum. These conditions are met simulta-
neously in the vicinity of turning points and caustics of
infrasound waves in MLT. Wave amplitude is known to
increase around the caustics, where the nature of the field
changes from interference of the direct and caustic-
reflected propagating waves on the insonified side of the
caustic to the field being an evanescent wave (in the direc-
tion normal to the caustic) in the ‘‘shadow zone” behind
the caustic (Brekhovskikh and Godin, 1999).

However, quantitative estimates show that, in the
microbarom frequency range and in the absence of strong
temperature and wind velocity gradients, amplitude and
phase variations in the acoustic field, even in the vicinity
of caustics, occur too gradually to change the contribution
to the radio wave reflection coefficient, Eq. (A3), compared
to the case of constant on/oz. As discussed in Sec. A.1, the
latter contribution strongly depends on the radar pulse
shape and becomes negligibly small for the Gaussian pulse.

Acoustic wave acquires a component that varies rapidly
with altitude, when the wave propagates through strong
gradients of the density, sound speed or wind velocity. If
the strong gradient occurs in a layer z1 – h < z < z1 + h,
which is thin compared to the acoustic wavelength, rapid
variations of the sound field occur only within the layer
(Brekhovskikh and Godin, 1998) and are due to reflection
(scattering) of sound by small-scale inhomogeneities.
Acoustic field within the layer can be found by replacing
the gradient by a sequence of small jumps, as was illus-
trated for the viscous and thermal waves in Sections A.2
and A.3. Calculation of Va and Wa in Eq. (A18) and
(A19) shows that sound scattering by strong gradients
results in a contribution to the radar reflection coefficient
in Eq. (A3), which is independent of the radar pulse shape.
However, the effect of sound scattering on oq1/oz and @n/oz
proves to be weaker than the effect of the simultaneously
generated thermal waves. For a temperature gradient
occurring in the layer z1 – h < z < z1 + h located within
the altitude range H – Dr/2 < z < H + Dr/2 in Eq. (A3),
sound scattering gives the radar reflection coefficient that

is smaller by the factor of the order of ahj j�2 � 1 than
the radar reflection due to the thermal waves. Here,

a ¼ x2c�2 � k2
� �1=2

is the vertical component of the wave

vector in the incident acoustic wave.
A.5. Excitation of short waves due to the acoustic wave

dissipation

In Sec. A.2 - A.4, we have considered possible physical
mechanisms of specular radar reflection caused by infra-
sound, when the acoustic wave dissipation per wavelength
is weak. A different mechanism becomes efficient in the
opposite regime, when significant absorption of infrasound
occurs either due to wave breaking or dissipation of linear
18
acoustic waves. When infrasound is absorbed, most of its
mechanical energy is transformed into heat.

Dissipation of infrasound creates a spatially and tempo-
rally modulated heat source, which generates thermal
waves. Transfer of the momentum of dissipating or break-
ing infrasound wave to the fluid (air) results in the spatially
and temporally modulated source of external force, which
contributes to the mean motion (wind) and can also gener-
ate viscous waves. The infrasound momentum transfer is
arguably a less efficient contributor to the radar specular
scattering than infrasound energy conversion into heat,
and we will further discuss only the latter.

Let the acoustic wave have the harmonic dependence
exp ikx� ixtð Þ on horizontal coordinates and time (in the
same complex notation we have used above). Assuming
that the infrasound dissipation rate is proportional to the
square of (real) acoustic pressure, the resulting heat source
has the double wave frequency 2x and double horizontal
wavenumber 2 k. In the absence of wind, it moves horizon-
tally with the same speed x/k as the acoustic wave. To
illustrate the thermal waves generated by the moving
source of heat, consider an idealized problem. Let an exter-
nal heat source generate a temperature perturbation with
the amplitude dT in a thin horizontal layer around z = z1

in a homogeneous ideal gas with temperature T0. In com-
plex notations, the temperature at z = z1 is

T ¼ T 0 þ dT exp 2ikx� 2ixtð Þ: ðA26Þ
In the surrounding gas, the temperature equilibrates to

the background value away from the source plane through
thermal waves, leading to the following temperature
distribution:

T x; z; tð Þ ¼ T 0 þ dT

� exp 2i kx� xtð Þ þ i� 1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
xq0Pr

g

s
z� z1j j

 !
:

ðA27Þ
Eq. (A27) follows from Eq. (A16) and the boundary

conditions of temperature continuity at the boundaries of
the thin heated layer. The vertical spatial scale of the tem-
perature perturbations is smaller by the factor 21/2 than in
the thermal waves generated at reflection of the infrasound
wave of frequency x.

Since pressure is essentially constant in the thermal
waves, the temperature variations in Eq. (A27) due to the
modulated heating are accompanied by the mass density

perturbations q1 x; z; tð Þ ¼ 1 � T�1
0 T x; z; tð Þ� 	

q0 with the

amplitude q0 dTj j=T 0. If dT is comparable to the amplitude
of the temperature variations in the original acoustic wave,
the mass density perturbations and the resulting electron
density perturbations in Eq. (A2) are much stronger than
due to the thermal waves, which are generated either at
the infrasound wave propagation through a gradient layer
or infrasound reflection from a sharp interface. It should be
emphasized that, in contrast to the mechanisms considered



E. Belova et al. Advances in Space Research xxx (xxxx) xxx
in Sec. A.2 and A.4, the specular radar reflections due to
infrasound dissipation require strong gradients of neither
the neutral atmosphere temperature nor the electron den-
sity. This is significant in view of the observation by
Strelnikov et al. (2021) in the PMWE rocket campaign,
that ‘‘detailed investigation of all the density and tempera-
ture profiles did not yield any sharp gradient in the regions
of PMWE occurrence,” which is needed to support gener-
ation of the viscous and thermal waves at reflection of
either infrasound or gravity waves.

The turbulence generated by breaking of acoustic or
gravity waves apparently lacks the coherence needed to
explain the high-aspect ratio, fast propagating PMWE.
However, acoustic energy dissipation at wave breaking
would provide the heat sources with the necessary phase
coherence and would potentially explain the coincidence
of the regions of PMWE generation with the regions of
high turbulence, as reported in Strelnikov et al. (2021) for
other PMWE. If wave breaking depends on the sign of
the acoustic pressure and density variations and occurs
either at the throughs (acoustic pressure and density min-
ima) or at the peaks (acoustic pressure and density max-
ima) of infrasonic waves, the above Eq. (A26) and Eq.
(A27) would hold, but with k and x replaced by k/2 and
x/2, respectively.

The oscillatory velocity amplitude, the ratio of the
acoustic wave amplitude to the ambient pressure as well
as the ratio of the density perturbations in the linear acous-
tic wave to the ambient density all increase exponentially
with the altitude due to the exponential decrease in the
ambient density. For acoustic waves propagating to MLT
from ground-level sources the likelihood of wave breaking
is expected to be increased in the vicinity of the turning
point of the acoustic rays, which are the highest-altitude
part of the ray trajectory. The likelihood of the wave
breaking is further increased by the acoustic field focusing
that occurs in the vicinity of caustics and turning points
(Brekhovskikh and Godin, 1999). All these factors, which
lead to the increase in the wave amplitude, also contribute
to enhanced dissipation of non-breaking, linear acoustic
waves in the vicinity of the turning points. The acoustic
wave dissipation and the heat deposition, which leads to
thermal wave generation, is additionally enhanced in the
vicinity of the turning points by exponential increase of
the kinematic viscosity g/q0 with altitude and the resulting
exponential increase of the acoustic energy loss per unit
path length (Sutherland and Bass, 2004; Godin, 2014).
Thus, even without wave breaking, significant generation
of the thermal waves, Eq. (A27), is expected in the vicinity
of the turning points of infrasound rays. These thermal
waves can further contribute to the coherent radar scatter-
ing as discussed in Sec. A.3.

So far, we assumed in Sec. A.2 - A.5 that there is no
wind. To a good approximation, the effect of uniform wind
or gradually varying with the altitude wind velocity u can
19
be taken into account by replacing the acoustic frequency
x with the intrinsic frequency xd = x – k∙u (Godin,
2014). Rapid variations of the wind velocity require an
additional analysis. Based on the close analogy between
the theory of acoustic waves in motionless and moving hor-
izontally stratified fluids (Brekhovskikh and Godin, 1998),
it is expected that, in addition to replacing x with xd, the
effects of the strong gradients in the wind velocity can be
approximately described by replacing q�1

0 @q0=@z with

q�1
0 @q0=@z� 2x�1

d k � @u=@z in the equations in Sections
A.2 - A.5.
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Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Simmons,
A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P.,
Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee,
D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes,
M., Geer, A., Haimberger, L., Healy, S., Hogan, R.J., Hólm, E.,
Janisková, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti,
G., de Rosnay, P., Rozum, I., Vamborg, F., Villaume, S., Thépaut, J.-
N., 2020. The ERA5 global reanalysis. Q. J. Roy. Meteor. Soc. 146,
1999–2049. https://doi.org/10.1002/qj.3803.

Hervig, M.E., Gordley, L.L., Stevens, M.H., Russell, J.M., Bailey, S.M.,
Baumgarten, G., 2009. Interpretation of SOFIE PMC measurements:
cloud identification and derivation of mass density, particle shape, and
particle size. J. Atmos. Sol. Terr. Phys. 71 (3–4), 316–330. https://doi.
org/10.1016/j.jastp.2008.07.009.

Hocking, W.K., 2003. Evidence for viscosity, thermal conduction and
diffusion waves in the Earth’s atmosphere. Rev. Sci. Instrum. 74 (1).
https://doi.org/10.1063/1.1516246.
20
Hocking, W.K., Fukao, S., Yamamoto, M., Tsuda, T., Kato, S., 1991.
Viscosity waves and thermal-conduction waves as a cause of specular
reflectors in radar studies of the atmosphere. Radio Sci. 26 (5), 1281–
1303. https://doi.org/10.1029/91RS01661.

Holdsworth, D.A., 1995. Signal analysis with applications to atmospheric
radars. University of Adelaide, Adelaide, Australia, p. 371 pp., PhD
thesis.

Hupe, P., Ceranna, L., Pilger, C., De Carlo, M., Le Pichon, A., Kaifer, B.,
Rapp, M., 2019. Assessing the middle atmosphere weather models
using infrasound detections from microbaroms. Geophys. J. Int. 216,
1761–1767. https://doi.org/10.1093/gji/ggy520.

Kavanagh, A.J., Honary, F., Donovan, E.F., Ulich, T., Denton, M., 2012.
H.: Key features of > 30keV electron precipitation during high speed
solar wind streams: A superposed epoch analysis. J. Geophysical
Research 117, A00L09. https://doi.org/10.1029/2011JA017320.

Kirkwood, S., 2007. Polar Mesosphere WINTER Echoes: a review of
recent results. J. Adv. Space Res. 40 (6), 751–757. https://doi.org/
10.1016/j.asr.2007.01.024.

Kirkwood, S., Barabash, V., Belova, E., Nilsson, H., Rao, N., Stebel, K.,
Osepian, A., Chilson, P.B., 2002. Polar mesosphere winter echoes
during solar proton events. Advances in Polar Upper Atmosphere
Research 16, 111–125.

Kirkwood, S., Chilson, P.B., Belova, E., Dalin, P., Häggström, I.,
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