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Abstract Intense turbulence is frequently observed in the
polar mesosphere summer echoes (PMSE) from the data of
very high frequency radar operating at Esrange, Sweden.
The turbulence can be estimated from the turbulent energy
dissipation rate (¢) by considering aspect sensitivity. We
find that variation in turbulence at altitude 82—-86 km is in
a good correlation with enhanced geomagnetic disturbances
and precipitating energetic electrons into the mesosphere in-
duced by high-speed solar wind streams. In addition, in-
tense turbulence (a few tens of mW/kg) frequently occurs
in the common volume with large plasma/neutral horizon-
tal speeds (> 150 ms~!) at 82-90 km altitudes. The large
velocities are ready to form wind shear/shift. Therefore, we
suggest that the summer mesospheric turbulence is to a sig-
nificant extent accompanied by large plasma/neutral veloci-
ties and wind shear in the mesosphere, in turn linked to solar
wind energy input during geomagnetic disturbances.
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1 Introduction

The polar mesopause region exists in a unique thermal struc-
ture, reaching extremely low temperature less than 130 K in
summer, colder than the radiative equilibrium, and in winter
it turns to reach warm temperature of ~190 K, warmer than
the radiative equilibrium. This thermal structure is thought
to be attributed to a pole-to-pole meridional circulation with
adiabatic cooling (heating) due to ascent motion (subsi-
dence) of air masses over from the summer to the winter
poles. The meridional circulation is known to be driven by
the momentum deposition of gravity wave breaking (Garcia
1989; Berger and von Zahn 1999).

In the upper mesosphere (80-90 km), turbulence is im-
portant as a dynamical heating source, comparable to other
heating mechanisms including the absorption of solar UV
and EUYV radiation. Thus far, it has been understood that
turbulence plays a role in transferring the potential and ki-
netic energy of upward propagating gravity waves to small
spatial scales and converting this into heat by viscous dis-
sipation (Smith et al. 1987; Fritts et al. 1988; Latteck et al.
2005). The turbulent energy dissipation rate in the meso-
sphere is typically in a range of 10-200 mW/kg, correspond-
ing to heating rates of about 1-20 K/day. In the lower ther-
mosphere of 100-120 km altitudes, turbulence can be en-
hanced by ion drag in the auroral region enforced by the
electric field, which has been suggested by Hall and Aso
(2000) as being mapped down from the magnetosphere. In
the meanwhile, the link of mesospheric turbulence to so-
lar wind-induced geomagnetic activity has been recently
disclosed. In general, Polar Mesosphere Summer Echoes
(PMSE) detectability is the result of the complicated ef-
fects of several factors including ice particles, turbulence
and energetic electron precipitation during geomagnetic dis-
turbances (Cho and Réttger 1997). Ice particle formation
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initiated at ~88 km in assumption goes through sediment
and growth in radii as large as ~20 nm (Rapp and Liibken
2004). The ice particle radii seemingly determine the life-
time of PMSE. Therefore, above ~85 km PMSE with small
radii last for a few minutes, and below ~85 km with large
radii resist for hours (Rapp et al. 2004). Above ~85 km
PMSE seem to exist as a result of large turbulence, and be-
low this altitude iced particles are frozen in a plasma struc-
ture and last for a time, regardless of turbulence. Meanwhile,
Rapp et al. (2004) observed large turbulence at 75-85 km
altitudes as well as the larger one near 90 km altitude in
summer by rocket experiments, for which an interpretation
was given for the source coming from the upward propagat-
ing gravity waves (Fritts et al. 1988). Regardless, PMSE is
also linked to high-energy particle precipitation as observed
during high-speed solar wind streams (HSS) in solar min-
imum years (Gonzalez et al. 2006; Lee et al. 2013). Lee
et al. (2014) found that PMSE and the turbulence are not
completely controlled only by upward propagating gravity
waves but also by energy input from solar wind interaction
with the magnetosphere.

In this study, we examine whether intense turbulence oc-
curring at 82—86 km altitudes would be associated with solar
wind energy input during HSSs.

The paper consists of first deriving of turbulent energy
dissipation rate in Sect. 2, second exploiting for intense tur-
bulence how to be associated with solar wind energy input
during HSS according to altitudinal divisions in PMSE layer
(80-90 km) in Sect. 3, third investigating co-occurrence
of intense turbulence with large echo speeds by presenting
enlarged views of hour—to-hour variations of turbulent en-
ergy dissipation rate, reflectivity, and large echo speeds (>
150 ms~!) in terms of time and altitude in section in Sect. 4,
and fourth, investigating detailed wind patterns for selected
cases of intense turbulence in Sect. 5. At last, discussion and,
summary and conclusions are followed in Sects. 6 and 7, re-
spectively.

2 Data and analysis

Turbulence energy dissipation rate is a tool of measur-
ing turbulence. Turbulence can be observed from the radar
with narrow beam width, since wide beam width antenna
may have spectral broadening from non-turbulence sources,
background winds including beam and/or shear broaden-
ings, and gravity waves (Hocking 1983). Therefore, narrow
beam is essential for reliable turbulence measurements us-
ing spectral widths to decrease the effect of non-turbulence
broadening (Engler et al. 2005; Hocking 1983).

Esrange MST (Mesosphere-Staratosphere-Troposphere)
radar (ESRAD) has a beam width of 5°, capably observ-
ing turbulent energy dissipation rate as long as radar sig-
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nal strength is greater than 1 (Rapp et al. 2004). Spaced-
antenna full correlation analysis (FCA) technique is em-
ployed for atmospheric wind velocity estimation of the Es-
range MST radar (e.g., Briggs et al. 1950). The technique is
based on spatio-temporal correlation of ground diffraction
pattern resulting from the reflection of the volume scatter-
ers (Holdsworth et al. 2001). The temporal properties are
described by ground diffraction pattern lifetime, so called
pattern lifetime (7 5). Turbulent energy dissipation rate is
related to velocity fluctuation or turbulent random velocity.
The random velocity of scattering irregularities is assumed
as having an isotropic Gaussian distribution.

The turbulent velocity by means of FCA technique can
be described with root-mean-square (RMS) random velocity
related to pattern lifetime as in Eq. (1).

Av2In2
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Vfca =
where A is the wavelength of the radar and Tp 5 is the FCA
pattern lifetime, an estimate of the correlation width in the
frame of the ground diffraction pattern (Holdsworth et al.
2001).

A simplified formula can be given to estimate turbulent
energy dissipation rate (¢) from the kinetic energy of the
turbulence, related to szc ,» according to Hall et al. (1999)
as in Eq. (2).

€=0.8V}.,/Ts. 2

where Tp is the Brunt-Viisild period. In the study, Tp
is basically given as 5 min (the unit in sec) including
uncertainties from 7p = 3—6 min (e.g., Hall et al. 2007;
Wiist et al. 2017). Therefore, in this study turbulent velocity
is an essential parameter in deriving turbulent energy dissi-
pation rate.

Aspect sensitivity is considered in deriving turbulent ve-
locity (Smirnova et al. 2012) and describes a property of the
scatterer which may give various scattering power with re-
spect to incident angle.

In the case of an isotropic scatterer, it is non-aspect sen-
sitive. However, non-isotropic and specular scatterers suffer
from aspect sensitivity. When scatterer radiates back the ra-
diation transmitted from the radar, it can be described in a
polar diagram defined by aspect sensitivity. Therefore, the
backscatter pattern can be described by an effective polar
diagram with the formula given by Hocking et al. (1986).

When every backscatter pattern (P) can be described in
the polar diagram as in Eq. (3),

sin 6 ]

P(0) =exp| —
©) p[ sin200

3

where 6 is zenith angle and 6y is e~! half width of the polar
diagram, the effective polar diagram can be composed with
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polar diagrams of transmit and receive beams and that of the
scatterers. The effective theta, 0,77 which is ¢! half width
of the effective polar diagram can be given as Eq. (4),

1520/ Rax

4
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Ocsr =
where A is the radar wavelength, and /R,y and Sy 5 are the
axis ratio and scale of the diffraction pattern, respectively
(Holdsworth et al. 2001).

For the given e~! half-widths of the radar transmit beam
(67) and of the radar receive beam (6 ), the aspect sensitiv-
ity parameter 65 can be derived from the equation:

sin"2 0, =sin"2 0,7 — (sin"% 67 + sin~2 Og). )

In this study, turbulence is estimated as long as Ocrr > 2.3 0r
05 > 2.2 if O,rr < 2.3. More details about the aspect sensi-
tivity for ESRAD measurements can be found in Smirnova
et al. (2012). The fca_150 mode is used to derive turbulent
velocity, turbulent energy dissipation rate, and echo horizon-
tal velocity, which is derived using FCA technique. In the
mesosphere echo horizontal velocity is in primary a mea-
sure of plasma moving velocity, for which neutral veloc-
ity is treated as the same with that of plasma due to high
neutral density. Reflectivity is derived from the fca_4500
mode data set. The altitude would be alternately expressed
in range due to radar measurement in spite of the almost
vertical view.

Geomagnetic field data at Esrange are obtained from
Swedish Institute of Space Physics (http://www2.irf.se/).
Solar wind parameters are obtained from OMNIWeb which
is hosted by NASA (http://omniweb.gsfc.nasa.gov). Precip-
itating energetic electron fluxes (> 30 keV, > 100 keV) are
derived from the observation of the Medium Energy Pro-
ton and Electron Detector (MEPED) instruments onboard
Polar-orbiting Operational Environmental Satellites (POES)
of NOAA-15, -16, and -18. The data is selected only when
the NOAA/POES crosses over Esrange (0—40 °E and 64—
72 °N).

3 Turbulence peak occurring in CIR region

Approaching solar minimum years, e.g., 2005-2008 in solar
declining phase, HSS are a dominant source of driving geo-
magnetic disturbance, reaching a less intense Dst index than
that by coronal mass ejection-driven storm (Tsurutani et al.
2006). Energetic electron (> 30 keV) precipitation lasts for
7, 9 or 13.5 day periods, having significant effects on F/E
regions and D-region ionospheres, and on the thermosphere
(Lei et al. 2008; Lee et al. 2013, 2014). HSS form a co-
rotating interaction region (CIR) as it catches up with up-
stream slow solar wind. In the CIR, interplanetary magnetic

field (IMF) and solar wind plasma are compressed to cause
both intense fluctuation of the magnetic field and pressure
pulse, respectively. The intense magnetic field fluctuation
causes multiple magnetic reconnections and possible geo-
magnetic storms (or CIR-driven storms) (Smith and Wolfe
1976). The magnetic field, which is highly variable in the
CIR, is usually associated with frequent southward turn-
ing of IMF Bz in the non-linear Alfvén waves (Tsurutani
et al. 1995). The pressure pulse occurs as a result of the
impingement of CIRs onto the magnetosphere, leading to
direct injection of solar wind energy into the ionosphere
(Craven et al. 1986). The solar wind energy transfer into the
atmosphere is performed in the form of energetic electron
precipitation and magnetic field pulsation. Pc5 pulsation is
originally produced by solar wind dynamic pressure change
(e.g., in CIR) and during the passage of HSS in the magne-
tosphere (Takahashi and Ukhorskiy 2007). The Pc5 wave in
the magnetosphere modulates the chorus wave to cause pitch
angle scattering of energetic electrons into the atmosphere,
and produces, for example, pulsating aurora (Takahashi and
Ukhorskiy 2007; Spanswick et al. 2005).

To trace the source of turbulence in PMSE, turbulent en-
ergy dissipation rate can be directly compared with solar
wind and geomagnetic parameters in day-to-day variations,
which are presented in Figs. 1a—1h, along with the relevant
parameters. In a solar minimum year of 2006, the signa-
ture of recurrent HSS is clearly shown in the summer. Thus,
marks of HSS1-HSSS5 are assigned to each solar wind speed
(Vsw) cycle in Fig. 1a. Before arrivals of HSS at the magne-
topause, CIR formations (yellow, Figs. 1b—1c) are identified
by proton density > 7 cm™3 (N »), IMF magnitude > 3 nT
(B;) and a speed less than 450 ms~! (Smith and Wolfe 1976;
Tsurutani et al. 1995). In addition, CIRs are accompanied by
fluctuations of IMF Bz and increases of AE (auroral elec-
trojet) index as a proxy for geomagnetic activity (Figs. lc—
1d). In Figs. le—1f, turbulent energy dissipation rates (¢)
are plotted for 86-90 km (blue) and 82-86 km altitudes
(red), respectively. Here, lines (blue, red) are derived us-
ing Tp = 5 min and the shade is for uncertainties for T =
3-6 min. In a geomagnetically disturbed condition, e.g.,
AE>300 nT, at 82—-86 km altitudes turbulent dissipation rate
reaches up to € > 18.0 mW/kg, enhanced more than that
(e =10.5 mW/kg) of quiet time (i.e., AE < 100 nT) in hour-
to-hour variation. Turbulent energy dissipation rates of 10—
20 mW/kg are typical in the winter polar mesosphere around
90 km (Lubken 1997). And energy dissipation rates derived
using VHF radar and rocket measurements in PMSE layer
(about 80-90 km) were observed between 5-20 mW/kg at
the lower edge and in the upper region of about 100 mW/kg
(Engler et al. 2005). Therefore, turbulence becomes more in-
tense with altitude, and thus in this study intense turbulence
is defined with twice the average for each altitude region to
be € =36 mW/kg and 80 mW/kg in an hour resolution at
82-86 km and 86-90 km, respectively.
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Fig.1 PMSE-derived
parameters including turbulent
energy dissipation rate (mW/kg)
and solar wind-related
parameters in day-to-day
variation for day from 150-190
(June 1-July 9), 2006. From the
top, solar wind parameters of
(a) solar wind speed (Vy,),

(b) proton density (N)),

(c) interplanetary magnetic field
(IMF) Bz and the magnitude
(B;, blue), and (d) AE index are
shown in 1-min resolution (dark
grey) and day-to-day variation
(red); (e) turbulent energy
dissipation rate (¢) for

86-90 km altitudes; (f) turbulent
energy dissipation rate (¢) for
82-86 km, (g) PMSE
occurrence, red for 82-86 km
and blue for 8690 km and

(h) the reflectivity red for
82-86 km and blue for

86-90 km in day-to-day
variations. The area filled in
yellow indicates the CIR region

(a)
(b)
(c)

(d)

(e)

In Figs. 1g and 1h, PMSE occurrence and the reflec-
tivity are also plotted for 82-86 km (red) and 86-90 km
(blue), respectively. The average occurrence and reflectiv-
ity at 82-86 km altitudes become values of 94 and —15.4
(in 10-based log scale), much greater than those (40 and
—16.1) at 86-90 km. At 82-86 km turbulence peaks pre-
cede PMSE peaks, implying that the turbulence possibly
has an effect on PMSE increase. It is noticeable that at 82—
86 km, turbulence peaks (contributed with intense turbu-
lence) occur in most cases ahead of peaks of both AE in-
dex (red) and PMSE. However, above 86 km, turbulence
seems not as effective on PMSE as at 82—-86 km altitudes,
or PMSE might be transient with short lifetime or rapidly
sink down to the lower altitude (Rapp and Liibken 2003).To
fully understand such tendency, scatter plots of the turbu-
lent energy dissipation rate versus AE index are shown in
Fig. 2 for different altitudes, (a) 82-86 km and (b) 86—
90 km, respectively. It is clearly seen that turbulent en-
ergy dissipation rate at 82—86 km altitudes is well correlated
with AE index. Large AE index can represent geomagnetic
substorm to induce the enhancement of energetic electron
precipitation, which can not only cause mesospheric neu-
tral density increase but also Joule or/and particle heating
in the mesosphere to induce intense turbulence accompa-
nied by large ion/neutral velocity (Sinnhuber et al. 2012;
Yi et al. 2017a, 2017b; Lee et al. 2018). Lee et al. (2018)
observed large upward velocity is caused by enhanced ener-
getic electron precipitation flux at the initiation of geomag-
netic disturbance. The correlation is resulted in R = 0.7.
However, above 86 km altitude, the turbulence, generally
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Fig.2 Correlation between AE index and turbulent dissipation rate of
altitude regions of (a) 82-86 km and (b) 86-90 km altitudes

more intense than that of 82—86 km altitudes, does not cor-
respond well with the AE index.

4 Intense turbulence associated with large
echo (plasma) speeds

Echo (plasma) horizontal speed exceeding 300 ms~! de-
rived by FCA technique from ESRAD measurements
(Briggs 1984; Kirkwood et al. 2007) was named with echo
extreme horizontal speed (EEHS) in Lee et al. (2014). The
EEHS occurrence rate was enhanced by the effects of ei-
ther CIR formation or HSS passage over the magneto-
sphere. In addition, peaks of EEHS occurrences are fol-
lowed by PMSE of 7, 9 and 13.5 day periodicities in as-
sociation with HSS emanating from coronal holes corotat-
ing with the Sun (Lee et al. 2013; Gonzalez et al. 2006).
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Fig.3 Enlarged views of
turbulent energy dissipation rate
responding to solar wind energy
input for days = 156-162, 2006.
(a) solar wind proton density
(N)) and the speed (Vyy),

(b) IMF Bz, IMF magnitude
(By) and dynamic pressure
(Pgyn, against right axis),

(¢) Pc5 (1.6-6.7 mHz)
H-component geomagnetic field
measured at Kiruna,

(d) POES-measured
high-energy electron > 30 keV
and > 100 keV precipitation
flux, (e) turbulent energy
dissipation rate (mW/kg) plotted
in colored log scale in terms of
time and range (1 hr and 1 km
resolutions), (f) PMSE
reflectivity and (g) turbulence
extracted only if large horizontal
plasma/neutral speeds

> 150 ms~! within an hour;
(e)—(g) Events A-E are noted
for intense turbulence, for
example, coexisting with large
velocities

Np
(em®)

(a)

IMF Bz
(nT)

Pc5-H

e-flux
(cm‘zs‘1sr‘2) (nT)

(e)

Range
(km)

Range
(km)

)

Range
(km)

(9)

In the mesosphere, ion drift is affected only by electric
field (E) but not by E x B drift (Heelis 2004), so that
strong electric field can be a source of the fast-moving
scatterers during the geomagnetic disturbance. Strong elec-
tric field was also suggested to explain the supersonic neu-
tral speed that frequently accompanied the enhanced O('S)
green line emission rates observed by The Wind Imag-
ing Interferometer (WINDII) on board the Upper Atmo-
sphere Research Satellite (UARS) (Lee and Shepherd 2010;
Lee et al. 2016). The observations of supersonic neutral
speed, most often occurring when polar mesospheric clouds
(PMC) are present, were later complemented by EEHS
observed in PMSE, suggesting that neutrals can be ac-
celerated in a strong electric field by momentum trans-
fer from the ions due to the high neutral-ion collision fre-
quency (Heelis 2004). The acceleration of the neutrals by the
large horizontal echo (plasma) speed in the mesosphere can
consequently lead to wind shear, instability (e.g., Kelvin-
Helmholtz instability) by the difference of flow velocities
and high Reynolds number of turbulence (Fritts et al. 2016;
Mann et al. 2016). As such, it is interesting to see how hori-
zontal echo speeds are related to turbulent energy dissipation
rate. In the upper mesosphere (80-90 km) echo horizontal
speeds less than 150 ms™! can be considered as the obser-
vation of neutral wind field (Liu et al. 2002). At the same
time, echo speed >~ 300 ms! actually exceeds the su-
personic in the neutral speed at a low temperature less than
150 K (Lee and Shepherd 2010; Lee et al. 2016), so that
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the subsonic becomes ~ 240-300 ms~!. Therefore, echo
horizontal speed over 240 ms~! can be assumed as a sig-
nature of localized acceleration by strong electric field and
the accompanied speed over 150 ms™! can also be taken
into account on acceleration by the same source of strong
electric field. Hereafter, large echo speeds over 150 ms™!
are applied for both ions and neutrals. PMSE was reported
as well correlated with AE index, particularly when accom-
panied by HSS-induced geomagnetic disturbance (Lee et al.
2013). In the aspect, we examine the turbulence in detail in
relation to CIR formation, as well as the duration of HSS
passage over the magnetosphere (V,, > 450 ms™!) by se-
lecting days 156-162 (HSS 2) in 2006.

Figure 3e shows turbulent energy dissipation rates with
1-hour and 1-km resolutions in terms of time and range for
day number = 156-162, compared with the solar wind and
geomagnetic parameters (Figs. 3a-3c) and energetic parti-
cle precipitation (Fig. 3d). In addition, PMSE reflectivity
(Fig. 3f), and turbulence occurring with large speeds over
150 ms~! (Fig. 3g) are also presented. The compression
of HSS onto slower speed streams can be divided into two
phases, for example, slow increase indicated with CIR21 as
a leading part of CIR2 (day = 156.37-157.1) and fast in-
crease indicated with CIR22 as a later part of CIR2 (un-
til day = 157.43 (10:35 UT)) in terms of solar wind pro-
ton density (N ), dynamic pressure (Pyy,) and IMF magni-
tude (B;). For CIR21 an increasing rate of N, is a value
of 0.23 hPa/hr, while for CIR22 it is 4.2 hPa/hr to reach
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Fig.4 Same as in Fig. 3 except
for day = 184-190, 2006

(cm2s"sr?) (nT) (nT)

Range
(km)

(e)

=
Range

(km)

)
Range
(km)

a peak from 157.1-157.5 (7-50 cm™3). During both CIR
phases, IMF Bz takes continual fluctuation with increas-
ing magnitude. The estimated turbulence can be sourced
from either the atmospheric turbulence or specular object
(Smirnova et al. 2012). The turbulence, which is reflected
from isotropic scatterers but not from specular scatterers, be-
comes ~99% at 80-90 km by calculation, resolved in spatial
and temporal grids of 1 km and 1 hr, respectively, as shown
in Fig. 3e. Here, intense turbulence begins to occur near the
initiation of CIR22, in which energetic electron flux is on in-
creasing (Fig. 3d). Before 02:00 UT at day = 157 (~157.1),
PMSE were absent for about 10 hours with low Pc5 pulsa-
tion amplitude, although there was some energetic electron
precipitation. However, after 02:00 UT, intense turbulence
at most 3641 mW/kg occurs between 02:00-04:00 UT (as
indicated with A) (day = 157) at 82—-86 km. This seems to
be associated with an increase of high-energy electron pre-
cipitation and a slightly enhanced amplitude of Pc5-H com-
ponent pulsations (Fig. 3c), in turn, linked to the formation
of CIR. After event A, turbulence of PMSE is intensified
from day number = 158.0 to the early day = 159 after some
gaps and weak occurrences. Similarly, this pattern repeats
such that during CIR creation intense turbulence appears for
a short time, followed by a time gap and then continual in-
tensification for 1-2 days while HSS pass over the magne-
tosphere. As shown in Fig. 3g, intense turbulence accompa-
nied by echo speeds over 150 ms™! as measured for an hour
are extracted from those as shown in Fig. 3e.
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Figure 4 shows another example of mesospheric turbu-
lence and large velocities linked to the effects of CIR and
HSS for days of 186 and 187. The CIR formation (yellow)
and an increasing of solar wind speed induced by HSS are
shortly followed by enhanced amplitudes of Pc5 oscillations
of magnetometer H component and fluxes of energetic elec-
tron precipitation. Pc5 oscillations of magnetogram and en-
ergetic electron precipitation could fill the gap of the energy
transfer from solar wind to the atmosphere. For PMSE at
82-86 km and 86-90 km the ratio of the speeds exceeding
subsonic (> 240 ms™!) to all the intense turbulence are val-
ues of 50.4% and 43.4%, and for speeds over 150 ms™!
are 80.7% and 75.0%, respectively. And the echo power
(not shown) and reflectivity averaged over the selected in-
tense turbulence as in Fig. 3f had values of 5.26 dB and
—12.36 £ 1.04, respectively.

5 Case study of turbulence coexisting with
large echo velocities

Turbulence can be linked to not only wave breakup, but
also large echo (plasma) velocities, the wind shear and/or
wind shift (e.g., Clark et al. 2000). In the mesosphere ion
velocity is assumed as equalized with neutral velocity due
to high neutral density. Increased turbulence related to the
wind phenomena are demonstrated and discussed in this sec-
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Fig.5 Examples of wind
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DOY = 158 (June 7, 2006).
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> 240 ms~! and in bright navy 87| > | . ' 87 I : ‘ ‘ ‘ '
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< —50ms~!in mVywz 2 j 12
(Figs. 5b, 5d) and mVxWz & B4y 12 84 1
(Fig. 5f). Here, vertical
component of mWz is 83 ¢ Wlt - E 83 E
magnified 10 times greater than 804 ;- . aofi ‘
aCtu.al scale .ln order to make the 22.0 22.2 22.4 22.6 22.8 23.0 23.2 23.4 22.0 22.2 22.4 22.6 22.8 23.0 23.2 23.4
vertical motion traceable. 100 mis UT (hour) 100 mis UT (hour)
Events A ~ E are intense
turbulences as shown in Fig. 3 (e) 07 June 2006 (158) mVxVy (f) 07 June 2006(158) mVxWz
89.0 T T T 89.0[ TTgp P Ry
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3
86.0 86,0840 SRT SR
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tion. Wind shear refers to a sharp change between horizon-
tal wind speeds and/or the directions over different altitudes
in a relatively short distance. When wind shear exists, the
Kelvin—Helmholtz instability can occur, followed by vortex
formation. Wind shift is defined as sudden change in wind
direction more than 45° in less than 15 min with sustained
wind speeds of 5 ms ™! in the troposphere. Wind shift occurs
due to cold front, leading edge of cold air (Bluestein 1993).

In Figs. 5a—5f, wind shear and wind shift are, for exam-
ple, presented in wind vector pairs of mVxVy, mVxWz or
mVyWz, where mVx, mVy and mWz represent for zonal,
meridional and vertical velocities in geomagnetic coordi-
nates. The associated turbulent energy rates are estimated
by using the method as in Sect. 2. Here, wind vector pairs
are plotted in terms of time and range. Horizontal mVx and
mVy wind vectors are represented according to magnetic co-
ordinates. In the pair, for example, mVxVy, the first value,

mVZx, is noted for the negative in leftward and for the posi-
tive in rightward, and the second one, mVy, is noted for the
negative directing toward lower part and for the positive to-
ward upper part. In each panel a pair of winds can be read
as indicated with the four directional compass (green).
First, a bursting of large echo speeds is a candidate of pro-
ducing intense turbulence, occurring for an hour. As shown
in Fig. 5a, westward large echo speeds mVx < —150 ms~!
including larger speeds < —240 ms~! (subsonic, super-
sonic, A) are concentrated on temporal and spatial regions
of 02-04 UT (day = 157) and 82-86 km, in which west-
ward winds are dominant. In the same circumstances, as
shown in Fig. 5b, the large northward velocities (+mVy,
83.2-84.4 km) indicated with A’ rapidly turn to the south-
ward (—mVy) from ~ 100 ms~! to less than —50 ms~!. At
83-85 km, turbulence of event A has been enhanced to 38—
41 mW/kg near 3.2 hr UT from 20-26 mW/kg before 03 UT
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(in Fig. 3e). Here, the increased turbulence can be attributed
to large westward velocities and wind shift from NW to SW.

Second, as shown in Figs. 5c-5d at ~22.8 UT (day =
160), large echo speeds break out to the westward below
~85 km and abruptly turning to the eastward above ~85 km,
leading to vertical shear as indicated with B, C. At the same
time, meridional winds (mVYy) in turn flip from southward to
northward, and vice versa with altitudes as shown in Fig. 5d
(B). Here, mVy makes more than three alternating vertical
shears in an extension of ~4 km just before 22.8 UT. At this
moment, intense turbulence is derived, as values of 63—-84
mW/kg at 84-85 km for B (Fig. 5c) and then of 48 mW/kg
for C (Fig. 5d), as shown in Fig. 3e.

Third, at an early stage of HSS arrival recording at high
speeds above 500 kms~!, intense turbulence frequently
tends to concentrate in the upper altitude region (86—-89 km
range, D, E) as shown in Fig. 3e and Figs. 5e-5f. We ex-
amine how the turbulence and wind pattern are associated
when there is intense turbulence in the upper altitude re-
gion. As shown in Fig. 5e, as the wind shear of echo speeds
(> 240 ms™!) occurs, the corresponding turbulent energy
dissipation rate becomes a value of 157.3 mW/kg at 88 km
at 19.0-19.5 UT (D), day = 158 (Fig. 3e). In a few hours at
~23 UT (in Fig. 5f), another wind shifts with slowly turning
from ~22.8 UT to 23.6 UT in ~58 min (E) produce turbu-
lence of € =58 mW/kg (also in Fig. 3e). The turbulence
induced from wind shifts at velocities of > 150 ms~! (E)
in the zonal direction at ~23 UT (E, Fig. 5f) is weaker than
for the larger velocities and a vertical shear at ~19.2 UT (D,
Fig. 5e). As a result, large echo speeds induced-turbulence
is mostly intense, as shown in Figs. 5a—5f. The large echo
speeds are usually accompanied by shear and/or wind shift.

6 Discussion

During geomagnetic disturbance, the energy source of both
large echo speeds and intense turbulence can be sourced
from energetic electron precipitation scattered by chorus
wave and ULF Pc5 pulsations. In addition, flux transfer
events driven by the field reconnection between IMF and
geomagnetic field are also a candidate for the large echo
speed induced-intense turbulence in the mesosphere (e.g.,
Cerisier et al. 2005). Fast poleward moving ions at speeds
of 500-2000 ms~! and large turbulence were observed by
SuperDARN radar in the F-region ionosphere, and fast mov-
ing irregularities were observed in the measurements by HF,
UHF, and VHF radars in the E-region ionosphere (Gorin
et al. 2012). Since ion drift motion in the mesosphere/D-
region ionosphere is controlled by an electric field (E), the
large horizontal ion/neutral speed can be accelerated in a
strong electric field induced by energetic electron precipi-
tation and/or a flux transfer event during geomagnetically
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disturbed condition (Lee et al. 2014). The mesospheric tur-
bulence enhancement at geomagnetic disturbances can be
supported by the observation that both vertical ion velocity
enhancement and the following generation of gravity wave
oscillation at the Buoyancy periods of 6 min, 8 min and then
20 min in transition were caused by enhanced geomagnetic
activity induced by solar wind shock (Lee et al. 2018). Re-
garding the extreme horizontal echo speed reported by Lee
et al. (2014), Sommer et al. (2016) argued the possibility
that it was related to artefacts from a small number of dis-
crete scatterers in the volume. However, intense turbulence
at 82-86 km cannot be overlooked for noticeable effects of
CIR and HSS-induced electron precipitation, in that both a
significant correlation (R = 0.7) with AE index as shown in
Fig. 1. Therefore, the intense turbulence possibly occurs in
association with the large horizontal neutral speed, which is
in turn linked to both frequent southward turning of IMF Bz
and the proton density (or dynamic pressure) change in the
CIRs as well as to the passage of HSS over the magneto-
sphere.

Turbulence is an important factor to contribute to FCA
random velocity. As well, other factors can be consid-
ered including horizontal and vertical fluctuations of scat-
terer travel speed within the scattering volume (e.g. due to
wind shears and gravity waves), temporal changes in echo
strength from individual refractive-index irregularities and
the triangle size effect (TSE), which leads to an overes-
timate of the random velocity for small antenna spacings
(Holdsworth et al. 2001). The last of these, TSE, cannot ex-
plain increases in turbulence in particular geophysical con-
ditions. Neutral wind shears and gravity waves also occur
regardless of geomagnetic conditions. If they change during
disturbed geomagnetic condition, it could present another
issue for solar wind impact on the mesospheric dynamics.
Therefore, fluctuations of the plasma travel speed within the
volume due to electric field effects, or rapid changes in the
echo strength of individual irregularities (for example, due
to rapidly changing energetic particle precipitation) could
indeed contribute more during disturbed geomagnetic con-
ditions.

7 Summary and conclusions

This study observes polar mesospheric intense turbulence
caused by geomagnetic disturbances induced by recurrent
CIRs and HSS passage over the magnetosphere.

Turbulent energy dissipation rate and echo horizontal ve-
locity are derived from Esrange MST radar with 5° zenith
angle using FCA technique for day = 150-190, 2006, in
which polar mesospheric summer echoes (PMSE) occur.
Furthermore, turbulent energy dissipation rate is estimated
to identify the variation of turbulence in relation to the vari-
ation of solar wind-induced geomagnetic activity.
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The results are summarized as the following:

1. Turbulence at 82-86 km was found to have a correlation
of R ~ (.7 with AE index. Turbulence at 82-86 km be-
comes half that of 86-90 km in averages of 12.6 and 37.4
mW/kg, respectively, for day = 150-190.

2. Itis noticeable that for the 82—86 km altitudes, turbulence
peaks precede 1 day to PMSE peaks for each period of
recurrent HSS, occurring by the effect of CIR formation.

3. The intense turbulence frequently occurs with large hor-
izontal plasma/neutral velocity (> 150 ms~!) including
over 240 ms™!, which are comparable to subsonic and
supersonic neutral speeds. The large velocity was diag-
nosed as not originating from the atmospheric dynamics
(e.g., breaking up of upward gravity wave) but from the
ionization induced by the solar wind energy input into
the atmosphere. Moreover, relativistic electron deposi-
tion from the magnetosphere into the stratosphere and
mesosphere has been proposed as a driving source for at-
mospheric waves by increasing the temperature in a local
atmospheric volume (Tsurutani et al. 2016).

The large horizontal velocity is apt to induce instability and
turbulence in the mesosphere. Bursting of large velocities
is frequently observed in the form of shear, and also gen-
erates intense turbulence as measured in hourly resolution.
The results can bring up a serious doubt for the traditional
understanding of intense mesospheric turbulence induced by
the breaking of upward propagating gravity waves. In a dis-
turbed geomagnetic condition, intense turbulence can also
possibly be caused by short-lived irregularity as well as by
large plasma velocity caused by rapidly changing energetic
electron precipitation.
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