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Abstract

We present the results from investigation of spectra of polar mesospheric summer echoes (PMSE) observed with EISCAT VHF
224 MHz radar during energetic particle precipitation events in the summer of 2019. We used the sudden enhancements in electron den-
sities derived from the VHF observations above 90 km as indicators of particle precipitation. We find that the altitude extent of the
PMSE increased along with an enhancement of the strength of the pre-existing PMSE. On some occasions, PMSE suddenly appeared
during particle precipitation events. After the particle precipitation subsided, the PMSE intensities continued to be stronger for a few
minutes and then decreased. At the altitudes where the maximum enhancement in PMSE backscatter occurred, there is no corresponding
broadening in the spectral widths. Interestingly, the most intense PMSE echoes almost always coincided with the lower values of spectral
widths both during particle precipitations and other times. In some cases, the spectral widths show well separated regimes between the
upper and lower parts of the PMSE layers and this also happened irrespective of particle precipitation. The frequency Doppler shifts
showed alternating upward and downward motions without much difference before and after the particle precipitation. Based on these
observations, we conclude that the sudden enhancement in the electron densities during particle precipitation intensifies PMSE structures
that match the Bragg scale of the incident radio wave thereby enabling an enhancement in the backscatter strength. Similarly, PMSE
backscattering may get initiated in the altitudes in which the structures were already present but where electron density was not sufficient
before the onset of precipitation. Spectral widths and Doppler velocities does not show sudden variations with particle precipitation
because they depend on the neutral dynamics.
� 2022 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 Mesospheric Summer Echoes (PMSE) are intense
radar echoes observed from the upper mesospheric region,
typically between 80 and 90 km during summer times in the
high latitudes (Czechowsky et al., 1979; Ecklund and
Balsley, 1981; Röttger et al., 1988; Cho et al., 1992; Rapp
and Lübken, 2004; Nicolls et al., 2009; Strelnikova and
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Rapp, 2010; Latteck and Bremer, 2013; Chau et al.,
2018). They are known to be caused due to the presence
of ice crystals forming in the region owing to the sharp
decrease of temperatures below 150 K, less than the frost
point temperature (Rapp and Lübken, 2004; Lübken,
1999; Lübken et al., 2002). The electron density distribu-
tion gets affected in an irregular manner due to the charged
ice crystals resulting in sharp backscatter several orders of
magnitude stronger than the mesospheric turbulent scatter
observed in other seasons and lower latitudes. In the case
of turbulent scatter, neutral turbulence is expected to
org/licenses/by/4.0/).
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Table 1
Radar and Experimental parameters.

Frequency 223.4 MHz
Wavelength 1.34 m
Bragg scale 0.67 m
Beam width 1:2� � 1:6�

Peak power 1.2 MW
Transmitted pulse scheme Manda v4.0
Interpulse period 1.5 ms
Duty cycle 0.098
Time resolution 4.8 s
Range resolution 360 m
Spectral resolution 2.6 Hz
Autocorrelation lag 1.5 ms (pulse to pulse)
Antenna Elevation 90� (zenith)
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reflect in the collision dominated D-region electron densi-
ties and cause the weak mesospheric echoes. Uniqueness
of PMSE lies in the fact that the presence of ice crystals
enables the formation and retention of structures below
the scale of turbulent velocity fluctuations and cause signif-
icant gradients in the electron densities resulting in intense
echoes. The generation of smaller scale turbulent structures
is determined by the ’Schmidt number’ which increases sig-
nificantly in the summer polar mesosphere due to the ice
formation resulting in a reduction of electron diffusivity
extending the lower length scales of turbulent spectrum
(Batchelor, 1959; Hill, 1978; Kelley et al., 1987; Cho
et al., 1992; Rapp and Lübken, 2003). Noctilucent clouds/
Polar mesospheric clouds are another manifestation of the
formation of ice crystals in the summer mesopause alti-
tudes that are related to the PMSE. Noctilucent clouds
are believed to be caused by larger ice crystals with sizes
above 20 nm while PMSE can occur whenever the electron
density distribution is affected by the ice crystals, probably
due to their charging. However, their occurrences are not
always coincident (Kaifler et al., 2011). In this work, we
will focus on the PMSE.

The scattering by PMSE appears to be due to Bragg
scatter and hence the observations with a particular fre-
quency in the radio spectrum represents the scale size of
the electron density irregularities corresponding to the half
wavelength of the incident radio wave (for vertical inci-
dence). Often the PMSE are observed with MST radars
in the 50 MHz range. Coordinated multi frequency obser-
vations indicate that they are more intense when the radio
wavelength is larger within the high frequency limits (Rapp
et al., 2008; Strelnikova and Rapp, 2011), and are rare in
the ultra high frequencies. Because the presence of ice crys-
tals and their charging creates the PMSE, they are often
cited as an example for a dusty plasma phenomenon occur-
ring in nature. Turbulence plays an important role in the
creation of the scale sizes that are frozen by the presence
of ice crystals even after the velocity eddies disappear.
Therefore, in addition to the essential low temperatures,
PMSE depend on the background electron density, dust
density (i.e. the ice density) and turbulence. Rapp et al.
(2008),Varney et al. (2011) showed that the PMSE
backscattering depends on the relative amount of dust
and electron densities, though without knowing all the
three, exact predictions of the PMSE strength becomes
cumbersome.

In spite of significant advances in our knowledge about
the PMSE phenomenon, their response to different geo-
physical variations are still under study. In the past, the
response of PMSE to geomagnetic activity was studied
(Bremer et al., 2000; Zeller and Bremer, 2009; Kirkwood
et al., 2013). These works correlated the geomagnetic
indices with PMSE power but did not attempt to focus
on particle precipitation duration in particular. Though
the particle precipitations are related to the geomagnetic
activity, comparing the geomagnetic indices does not neces-
sarily indicate response of PMSE to the particle precipita-
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tions. This is because the indices like ’ap’ are made with the
magnetic field changes caused by the currents in the E-
region ionosphere. Further, the indices are global in nature.
When studying the influence of particle precipitations on
PMSE, it is better to study the effect during the particle pre-
cipitations preferably in the same spatial region because
PMSE is not a spatially uniform feature that can be uni-
formly observed for 100s of km. To our knowledge, there
are few attempts to study the correlations between particle
precipitation and PMSE power in a statistical manner
(Antonsen and Havnes, 2015; Rauf et al., 2018). Here we
undertake a study of response of PMSE spectral parame-
ters, not only power but also the Doppler shift and spectral
width, to the particle precipitation events over Ramfjord-
moen near Tromsø, Norway. Only a few studies in the past
have attempted to focus on the particle precipitation effects
on PMSE with this approach like that of Nicolls et al.
(2009). The following section discusses the dataset used
and methodology adopted. Results are discussed in the
Section 3 followed by summary and conclusions in
Section 4.
2. Data and Methodology

In this work we study the PMSE spectrum obtained with
EISCAT VHF radar located at Ramfjordmoen
(69:6�N ; 19:2�E) near Tromsø, Norway during the summer
of 2019. The radar operates with 224 MHz frequency cor-
responding to the Bragg scale of 67 cm. The radar opera-
tion is usually made for a few hours in selected days
based on experiment requests from the user groups. There-
fore, the data availability is not similar to the MST radars
which run continuously for the whole season. Nevertheless,
these narrow beam observations in 224 MHz offer valuable
insights. The pulse coding used for the PMSE measure-
ments analyzed herein is known as ’Manda’ and details
of it can be seen from Table 1 (Mann et al., 2016; Tjulin,
2017; Belova et al., 2018). The time and altitude resolutions
for these measurements are 4.8 s and 360 m, respectively.
We work with the spectrum of the radar echoes at a spec-
tral resolution of 2.604 Hz. We include four successive
transmissions to generate a spectrum and hence the tempo-
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ral resolution of data used herein is 19.2 s. For our work,
we selected days with simultaneous presence of PMSE
and particle precipiation reaching below 90 km altitudes
during 2019 summer season. The EISCAT radar is co-
located with an ionospheric heating facility. Within the
available data duration, we have avoided the heating peri-
ods because our motivation here is to investigate how the
natural particle precipitaions affect the PMSE echoes in
cm scales using 224 MHz frequency. Out of 22 days of
measurements, 5 days are found to be suitable for the study
namely 15, 16, 17 July 2019 and 09 and 10 August 2019. On
15–17 July 2019, there are brief occassions when the iono-
spheric heater was operated for making conjunctions with
SUOMI satellite measurements. These heating periods
are removed from our analysis and hence our results are
not affected by artificial ionospheric heating effects.

To identify the particle precipitation durations, we used
the electron density data obtained from the same VHF
radar measurements. The electron densities are obtained
from the standard analysis procedure using Grand Unified
Incoherent Scatter Design and Analysis package (GUIS-
DAP) software (Lehtinen and Huuskonen, 1996, https://eis
cat.se/scientist/user-documentation/guisdap/). In the past,
UHF radar measurements are used for electron density
information along with the VHF radar measurements of
PMSE (e.g. Li and Rapp, 2013). In a previous campaign,
the information on electron densities derived from UHF
radar data was inconclusive in the presence of PMSE
(Mann et al., 2016). Moreover, coordinated UHF observa-
tions are not available during our study period. Since we
are not focusing on the absolute electron density values
at a single height coincident with presence of PMSE, we
can identify the enhanced particle precipitation periods
with the VHF radar measruements. We consider the values
of electron densities measured between 90 and 95 km just
above the typical PMSE occurrence regions to estimate
the extent of electron density enhancement during particle
precipitations. The extension of the particle precipitations
to the PMSE heights are visibly clear. The PMSE layers
are also identified as high electron density values in the out-
put of standard GUISDAP analysis. However, these are
pseudo values indicating an enhanced reflection of the
radio waves from the PMSE.

To study PMSE, we need to investigate the Doppler
spectrum of the echoes obtained from pulse to pulse corre-
lation in order to have longer auto correlation lags. We use
a set of routine known as ’Real Time Graph’ (RTG) to
obtain such a spectrum (https://doi.org/10.5281/zenodo.4
138625). The Doppler spectrum with a frequency resolu-
tion of 2.604 Hz between �333 Hz to + 333 Hz is
obtained. From the Doppler spectrum, we obtain the three
spectral moments by making a Gauss fit to the received
spectrum. In the past, Gauss fit is shown to be a good rep-
resentation for PMSE echoes (Strelnikova and Rapp, 2010;
Strelnikova and Rapp, 2011). From the fit, we obtain the
peak power, Doppler shift and spectral width. For fitting
the Gaussians, we adopt an iterative procedure as below.
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We select the peak power and its location in the Doppler
frequency space. The frequency resolution is taken as the
spectral width parameter to start with. The Gauss fitting
is made and the root mean square error is calculated with
the measured spectrum. Then the fit is optimized to reach
minimum root mean square error using Nelder-Mead sim-
plex method. From the optimized Gauss fit curve, the peak
power, location of the peak power giving corresponding
Doppler frequency and the spectral width parameter are
retrieved. The spectral widths given in this work are full
width at half maximum (FWHM) of the optimized Gauss
fit curves.

Fig. 1 display examples of the Gauss fits made. Note
that the y-axis values are different between the panels in
the Figure. The fits match the spectra for the peak value
very well. Fig. 1(a) shows the PMSE spectrum (black dot-
ted line with stars) with the fitted Gaussian curve (blue
dashed line). A vast majority of the PMSE spectra we have
investigated both during particle precipitations and other
times are similar to Fig. 1(a) in that they are very well rep-
resented by the Gauss fit. However, there are few rare inter-
mittent occasions in which the PMSE echoes appear like
skewed Gaussian or with multi-peak structures similar to
the example in Fig. 1(b). Such occurrences are very few
and they are not consistent among adjacent altitudes. For
example, if such an occurrence is present in 85 km, the
PMSE if present in 85.72 km may be still Gaussian. More-
over, the fitted peak and width closely match with such
skewed spectra in many cases we have tested. Therefore,
such deviations do not affect the study and we consider
the fitted Gaussian parameters such as the peak, location
of the peak in the frequency space and its width as the
PMSE peak power, Doppler frequency and spectral width,
respectively. For simplicity we will often refer to the PMSE
peak power as power in this work. The Doppler frequency
and spectral width are converted into velocity values by
multiplying by 0.67 m, the radar wavelength. Since the
Gauss fitting is carried out at all the heights and times, a
Gaussian is fit to the maximum value of noise in cases of
no PMSE signal. Therefore, we introduce thresholds to
the output of fitted parameters in order to retain only the
PMSE echoes and remove noise.

After checking several spectra, we fix a threshold power
at 0.01 K/Hz above which the echoes are considered as
PMSE. It may be noted that the peak of the fit to a noise
spectrum lies sometimes at unrealistically large Doppler
shifts, for e.g. �100 Hz implying 67 m/s downward Dop-
pler velocity. Such high vertical velocities are unrealistic
in the mesosphere. So, in order to remove the noise that
overshoots the power threshold, we put another criteria
that the Doppler frequencies should be within �30 Hz cor-
responding to �20 m/s vertical velocities. During intense
particle precipitations, some noise is still present, probably
due to the contribution from incoherent scattering to the
spectra from enhanced electron densities along with con-
tamination from intense PMSE echoes in the adjacent
range gates. Most of them are removed by applying an



Fig. 1. Samples of spectrum used to identify the PMSE. The black dotted line with stars represent the observed spectrum and the blue dashed line show
the optimized Gauss fit. (a) PMSE matching well with Gaussian fit, most frequent case, (b) PMSE showing a skewed Gaussian and double peaked
behavior, rare case. Note that y-axis range is different between the panels.
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additional threshold to the spectral width such that spectral
widths greater than 35 Hz (23.5 m/s) are not considered as
PMSE and left out. Therefore, our threshold criteria to
retain only PMSE echoes are: (i) peak power of the echo
should be greater than 0.01 K/Hz, (ii) Doppler frequency
should be below �30 Hz and (iii) spectral widths should
be below 35 Hz. Fig. 2 shows observations from 15 July
2019 without the above mentioned noise thresholds.
Fig. 2(a) shows the electron density estimates made by
the standard Guisdap procedure. Fig. 2(b), (c) and (d) give
the base 10 logarithm of peak power, Doppler velocities
with positive values representing upward velocities and
spectral widths obtained from the Gauss fits, respectively.
Fig. 3 shows the same observations subjected to the thresh-
Fig. 2. Observations on 15 July 2019 without applying any noise removal thre
density estimates using GUISDAP for which the noise thresholds we mentione
Spectral width (m/s) of PMSEs estimated from Gauss fit to the Doppler spec
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old conditions. Significant noise reduction may be noticed.
We have removed the periods of ionospheric heater opera-
tion resulting in white portions (clearly seen in the electron
density plots of Fig. 3a).

3. Results and Discussion

Fig. 3 shows the observations on the night of 15 July
2019. The PMSE layer is seen in the region between 83
and 89 km as enhanced electron densities in Fig. 3(a) and
in the log(power) shown in Fig. 3(b). During the start of
observations around 17:30 UT, multiple weak PMSE lay-
ers were present. There were two episodes of particle pre-
cipitation on this day as can be seen from the dashed
shold conditions to the Gauss fitting outputs of the spectrum. (a) Electron
d did not apply, (b) log(Power (K/Hz)), (c) Doppler velocity (m/s) and (d)
trum.
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boxes in the Fig. 3: A moderate level of precipitation from
18:42 UT to 18:55 UT and strong precipitation from 19:15
UT to 19:25 UT that continued with moderate levels of
precipitation to the end of observations at 19:46 UT. By
strong precipitation, we refer to the periods in which the

electron density value increased above 1011electrons=m3

around 90 km. By comparing Figs. 3(a) and 3(b), a sudden
increase in the power of the PMSE echoes can be noticed in
several heights during start of moderate precipitation at
18:42 UT. Within a few minutes after the end of the mod-
erate particle precipitation, both the echo strength and the
altitude extent of the echoes decreased considerably. By
altitude extent we mean the number of altitude bins where
PMSE are identified. The altitude extent of PMSE has
reduced below the pre-precipitation levels approximately
10 min after the end of moderate level of precipitation.
Again strong particle precipitation has started by 19:15
UT and continued until the end of the observations for
the day at 19:46 UT. During this strong particle precipita-
tion the PMSE has increased in its altitude extent and the
power of the PMSE was significantly higher.

From Fig. 3(c) it is clear that the Doppler velocities were
alternating between positive and negative values of few m/
s. Though this magnitude is larger for typical vertical winds
expected due to the mesospheric circulation, it should be
remembered that these measurements are instantaneous
and do not represent the mean background wind. These
vertical velocity fluctuations are supposedly result of com-
bination of mean winds, tides, gravity waves and turbulent
motion in addition to any bias in the experimental tech-
nique (Hoppe and Fritts, 1995; Gudadze et al., 2019).
Fig. 3. Observations on 15 July 2019 after applying the noise removal threshold
all noise except PMSE are removed. (a) Electron density estimates using GUIS
(Power (K/Hz)), (c) Doppler velocity (m/s) and (d) Spectral width (m/s). The d
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The alternating nature of the velocities indicates probable
existance of gravity waves (Fritts et al., 1990; Hoppe and
Fritts, 1995). The vertical velocities do not show any
response to the particle precipitation events. They appear
to alternate between positive and negative values in a sim-
ilar fashion both before and during the particle precipita-
tion events. This indicates that the particle precipitations
does not suddenly alter the vertical winds in the upper
mesosphere, which is understandable given that the atmo-
spheric densities are several orders of magnitude higher
than the precipitating particles in these altitudes and fur-
ther the collisions in the neutral gas are significantly higher
than that of the electrons.

Fig. 3(d) shows the measured spectral widths that are
FWHM of the Gauss fits. Spectral widths are believed to
indicate the randomness in the Doppler velocities which
is taken as an indication for the turbulence (e.g. Hocking,
1983). For example, if the radar volume is filled with mul-
tiple scatterers, their random motion at any instant around
the bulk movement contributes to broadening of the spec-
tra which will be measured as spectral width. The bulk
motion along the radar beam is measured as Doppler fre-
quency. While there are other sources of spectral broaden-
ing, for vertically directed narrow beams as used in this
work, the spectral width can be considered as indicator
for turbulence (Hocking, 1983; Rapp et al., 2008). From
Fig. 3(d), there is no sudden change in the spectral width
with respect to the particle precipitation events. However,
the spectral widths on this night indicate relatively higher
values at upper layers of the PMSE. Initially before 18:35
UT, two layers of PMSE were clear and the spectral widths
conditions to the Gauss fitting outputs of the spectrum. Note that almost
DAP for which the noise thresholds we mentioned did not apply, (b) log
ashed box shows durations of particle precipitation reaching below 90 km.
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were higher in the upper layer than the lower layer. After
the onset of particle precipitation, the gap region was filled
with PMSE as seen from Fig. 3. However, spectral widths
were clearly showing two regions.

Right from the early years of identification of PMSE, it
is noticed that the spectral widths are not higher in the
PMSE regions, though the PMSE is believed to be well
related to the turbulence (La Hoz et al., 1989; Röttger
and La Hoz, 1990). As explained in the introduction, this
is due to the high Schmidt numbers in the region of the
PMSE due to the heavier ice particles (Rapp and
Lübken, 2003; Rapp and Hoppe, 2006). As a result the
electron density in the D-region behaves as a passive tracer
to the turbulence and due to high Schmidt numbers, the
structures are retained even after the velocity fluctuations
fades (Rapp and Lübken, 2003). Such fossil turbulent
structures might be more dominant in the high Schmidt
number regime. The observation of clear lower spectral
width values at the low altitudes might be due to the larger
size of the PMSE particles resulting in higher Schmidt
numbers and relatively longer retention of turbulent struc-
tures in a passive manner. Another interesting aspect to
note on this day is that PMSE strength was very high in
the regions of lower spectral widths during particle precip-
itation. This may be clearly seen in the periods from 18:35
to 19:00 and 19:15 to 19:33 UT in Fig. 3(b) and (d).

Fig. 4 shows the results from 16 July 2019 in a similar
format to that of Fig. 3. From Fig. 4(a) two particle precip-
itation events of moderate intensity can be identified to
extend below 90 km into the PMSE region. The first one
was from 20:00 to 20:22 UT and the second one started
at 20:52 UT and continued until the end of observations
Fig. 4. Observations on 16 July 2019 in the same format as Fig. 3. The dashed b
shows false detections of PMSE, probably due to the incoherent scatter contri
altitude structures giving rise to echoes similar to lower altitude mesospheric e
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at 20:59 UT. On this day PMSE occurred only above
84 km and below 89 km. The small patches seen below
84 km in Fig. 4(b)-(d) occur during particle precipitation
probably due to incoherent scattering contribution result-
ing from enhanced electron densities. Another possibility
is that there may be structures contributing to the lower
altitude mesospheric echoes which become observable dur-
ing particle precipitations. Lower mesospheric altitude
echoes are observed occassionally as discussed in Latteck
et al. (2021). However, they do not appear to be PMSE
echoes and hence we label them as ’false positive detec-
tions’ that satisfy our threshold criteria. The region of false
detections of PMSE is shown by a gray box in Fig. 4(b).
From Fig. 4(b), it can be noted that there is a slight
increase in the number of altitudes in which PMSE
occurred along with an increase in the power of the echoes
at the middle of the layer between 20:00 and 20:22 UT.
After this precipitation event, there is a sudden absence
of PMSE for a couple of minutes and then PMSE resumed
with a reduced power at pre-event levels. Around 20:30
UT, the intensity of PMSE has suddenly increased without
any clear particle precipitations extending below 90 km.
This increase might be due to the wind bringing in PMSE
structures from area outside the radar beam. If the
enhancement is due to the onset of active turbulence, some
enhancement is expected to be seen in the spectral widths
irrespective of magnitude of Schmidt numbers. Lack of
sudden change in the spectral widths shown in Fig. 4(d)
supports the possibility of advection of PMSE structures
into the radar beam by the horizontal winds. Even if the
larger ice particles were causing the PMSE, an active turbu-
lence is expected to be revealed in the spectral widths,
ox shows duration of particle precipitation and the gray region in Fig. 4(b)
bution during enhanced particle precipitation or due to existence of lower
choes (see text for details).
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which was not the case around 20:30 UT. Similar to the
observations on 15 July 2019, there is no sudden change
in the vertical velocities and spectral widths following the
particle precipitation events (Fig. 4(b) and (d)). Only the
power and altitude extent of the PMSEs appear to vary
with the particle precipitation events.

Fig. 5 shows the observations on 17 July 2019 in the
same format as Figs. 3 and 4. On this day, there was a
moderate level of particle precipitation right from the start
of the radar observations at 18:56 UT to 19:25 UT as can
be seen from Fig. 5(a). Afterwards the ionosphere was
quiet without particle precipitation until the end of the
observations at 20:57 UT. Fig. 5(b) displays that the PMSE
altitude extent and the power were both higher during the
particle precipitation duration. Fig. 5(c) shows that the
Doppler velocities are within few m/s, mostly upward on
this day. However the values are similar to the previous
cases. Fig. 5(d) show two regions with clearly different
spectral width values. The PMSE below 85 km have higher
spectral widths than those between 85 and 90 km region.
This is particularly intense during the particle precipitation.
This behaviour is opposite to that of 15 July 2019 wherein
the upper part of the PMSE layer was having higher spec-
tral widths. At the same time, it is worth noting that the
power of the PMSE was relatively higher in the regions
of lesser spectral width during the particle precipitations.
Later on, we will investigate this behaviour on all the days
considered herein.

Another interesting feature from 17 July 2019 observa-
tions is the formation of thin layers of PMSE just above
90 km. These PMSE occur after the particle precipitation
period and were intermittent in nature. They occur between
89 and 92 km. The spectral widths during these events were
clearly higher indicating possibility of active turbulence
Fig. 5. Observations on 17 July 2019 in the same format as Fi
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generating these higher altitude PMSE (compare Fig. 5
(b) and (d)). Note that these PMSE formed before the
ionospheric heater was on at 19:29 UT. A white gap region
is seen in all the panels of Fig. 5 indicating periods of iono-
spheric heating experiment. Therefore, the initiation of
these PMSE were neither due to particle precipitation nor
due to artificial ionospheric heating. The active turbulence
possibility is supported by co-occurrence of higher spectral
widths.

Fig. 6 shows the observations on the night of 09 August
2019 from 20:00 UT to 02:00 UT on 10 August 2019. Fig. 6
(a) shows existence of multiple particle precipitation dura-
tions marked by dashed boxes. The first one started from
about 20:06 UT and lasted until 21:10 UT with a small
dip in precipitation for a couple of minutes around 20:40
UT. There was a very short duration precipitation for
about 4 min from 21:15 to 21:19 UT. From 22:25 to
23:00 UT, there was a sudden decrease in the particle pre-
cipitation. This is not an experimental artifact. There seems
to be a sudden and sharp decrease in the particle precipita-
tion which is confirmed by comparing the E- and F-region
measurements up to 209 km that are not shown here.

From Fig. 6(b), the intensification of PMSE power may
be inferred during particle precipitation between 20:06 UT
and 21:10 UT. Such intensification was noticed even for the
short duration precipitation between 21:15 and 21:19 UT.
In addition to the intensification of the power, the number
of altitudes in which PMSE has occurred has increased as
will be discussed later. PMSE disappeared at 22:37 UT,
around 10 min after the sudden decrease in the precipita-
tion. The echoes below 85 km between 20:45 and 21:00
UT are due to false detections of PMSE as indicated by
the gray area in Fig. 6(b). Similar to 16 July 2019, it may
be seen to correspond to the extension of the particle pre-
g. 3. The box shows the duration of particle precipitation.



Fig. 6. Observations on 09/10 August 2019 in the same format as Fig. 3. The dashed boxes and gray regions represent duration of particle precipitation
and false PMSE detections, respectively.
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cipitation to lower altitudes by comparing Fig. 6(a) and (b).
Therefore, they may be either due to incoherent scattering
contribution from sudden enhancement in electron density
or due to the lower altitude mesospheric echoes.

Intense particle precipitation has restarted from 23:00
UT on 9 August 2019 and lasted until the end of observa-
tions at 02:00 UT on 10 August 2019. Within this period,
during 23:00 to 23:41 UT on 9 August and 01:50 to 02:00
UT on 10 August, the particle precipitation has further des-
cended to lower altitudes. PMSE has also restarted along
with the strong precipitation at 23:00 UT. PMSE was pre-
sent from 23:00 to 23:18 UT, 23:25 to 23:35 UT on 9
August and 01:09 to 02:00 UT on 10 August. Though the
power of restarted PMSE was weaker in the duration
between 23:00 and 23:30 UT, it is important to note their
re-occurrence along with onset of the intense particle pre-
cipitation. In the duration between 23:15 and 23:30 some
false PMSE detections are also noticed during intense pre-
cipitation as marked by the gray area in Fig. 6(b). The par-
ticle precipitation below 90 km altitudes was weakening
after 23:18 UT and coincidentally there was disappearance
of the weak PMSE around that time. Again PMSE formed
for 10 min between 23:25 and 23:35 UT with a slight
enhancement of particle precipitation in the lower altitudes
(see Fig. 6(a) and (b)). There was another sudden enhance-
ment in the particle precipitation well below 85 km from
01:50 to 02:00 UT which was continuing but observations
were stopped. PMSE was already present by this time but
there was an enhancement in the power.

On this night the vertical velocities showed a similar
behaviour of the other days with alternating positive and
negative velocities of few m/s magnitudes without any
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noticeable response to the particle precipitations (see
Fig. 6(c)). Spectral widths shown in Fig. 6(d) indicates rel-
atively higher values at times. However, a closer examina-
tion shows that the higher spectral widths occurred only at
the upper part of the PMSE layer on this night.

The events presented above show that a clear response
to the particle precipitation is seen only in the power of
the PMSE echoes and in the altitude extent of their occur-
rence. The Doppler shifts associated with the vertical veloc-
ities and the spectral widths associated with the turbulence
do not respond to particle precipitations. We check if there
is a functional form of relationship between the electron
density enhancements during particle precipitations and
increases in PMSE peak power and altitude extent. We
select three minute duration before and during the particle
precipitation events and compare the normalized changes
of the parameters according Eq. 1. Three minute duration
are selected in order to keep the duration of comparison
equal between precipitation and no-precipitation.

Pdif ¼ Ppre � Pnor

P pre
ð1Þ

where, Pdif represents the normalized change in the param-
eters. The parameters being average electron density
between 90 and 95 km, total sum of PMSE peak power
between 80 and 90 km and altitude extent of PMSE quan-
tified as the number of observations of PMSE/total num-
ber of measurement bins within the three minute
duration between 80 and 90 km. Ppre is the value of the
parameter during particle precipitation and Pnor is the value
without particle precipitation measured few minutes before
the onset of particle precipitation. Only on 17 July 2019, we
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measure Pnor in the quiet period after the particle precipita-
tion because particle precipitation was present from the
start of VHF observations on the day. Eq. 1 is such that
the maximum value of Pdif can be 1, a value of 0 indicates
no change in the parameter during particle precipitation
and negative values indicate a decrease in the value of the
parameter during particle precipitation. A value of 1 indi-
cates that the PMSE was absent before particle precipita-
tion and the parameter has been observed with the onset
of particle precipitation. Note from Figs. 3–6 that nine par-
ticle precipitation durations are highlighted. Among them
we select eight cases leaving the short particle precipitation
burst from 21:15 to 21:19 UT on 9 August 2019. We leave
that event because the previous particle precipitation lasted
until five minutes before this burst of precipitation
occurred. The selected three minute durations, absolute
value of the parameters and their normalized changes are
shown in the Table 2.

The normalized change in PMSE power and altitude
extent with respect to the change in the electron density
during particle precipitations are given in Fig. 7. Note that
all the values are positive indicating that the PMSE power
and altitude extent certainly increases with an increase in
electron density during particle precipitations. However,
the scatter plot readily indicates lack of linear or any other
simple functional form of relationship between the param-
eters. This confirms the findings of the earlier works that
PMSE strength depend not only on electron density but
also on other parameters like ice density (Rapp et al.,
2008; Nicolls et al., 2009; Varney et al., 2011).

On the other hand, within the PMSE layer the spectral
widths often reveal presence of two regions separated in
altitude. On 15 July and 09/10 August, the upper part of
the layer was of predominantly higher spectral width while
on 17 July the lower part was of higher width. This beha-
viour is seen irrespective of particle precipitation. We pro-
pose that this might be the result of active turbulence acting
on lighter particles along with heavier particles causing the
PMSE in higher Schmidt number regime wherein the actual
turbulence velocity eddies are decaying. However, why
there is a sharp separation in spectral widths instead of a
gradual variation is unclear and requires further experi-
ments with supporting information like temperature and
ice density which we lack at present.

We have also noticed from Figs. 3 and 5 that there was
an inverse relation between the PMSE peak power and
spectral widths during particle precipitation periods. In
order to investigate this, we use data during the same three
minute periods given in Table 2. In Fig. 8, we plot the
power and corresponding spectral widths without and with
particle precipitation. Note that the x-axis limits are differ-
ent between Fig. 8(a) and (b). In order to have nearly same
amount of data points we decided to carryout the analysis
for the same three minute intervals given in Table 2. Fig. 8
(a) and (b) clearly shows that irrespective of the presence of
particle precipitation, the high power echoes almost always



Fig. 7. Response of PMSE power and altitude extent to the electron
density enhancements due to particle precipitation. All the parameters are
normalized according to Eq. 1 (see text for details).

Fig. 8. PMSE power vs. spectral width. (a) quiet time without particle
precipitation, (b) during particle precipitation.
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occurred with moderate to low level of spectral widths
within 6 m/s of full width at half maximum. The converse
also appears to be correct in that high spectral width values
almost always accompany very weak PMSE echoes. We
remind that the power threshold we kept for PMSE detec-
tion is 0.01 K/Hz and hence the crowded points near the 0
indicates weak PMSE echoes. Earlier, Rapp and Hoppe
(2006) showed an anticorrelation between the power and
spectral width at some particular heights. Here we show
that this appears to be a general behaviour. We have
noticed this behaviour on some other cases as well and
planning for a detailed analysis in the future.

The enhancement in the peak power of PMSE during
particle precipitation is clearly revealed in Fig. 8. While
spectral widths did not show a sudden response in Figs. 3–
6, Fig. 8 show that there are many points with higher spec-
tral widths during particle precipitation. This might be
explained if the significant enhancements of power are
3359
caused by larger particles that are present in high Schmidt
number region with weak spectral width components. The
larger particles may be more effective in getting charged
when electron density increases, thereby affecting the elec-
tron density gradient and resulting in stronger echoes.
The sporadic enhancements in the spectral widths during
particle precipitations revealed from Fig. 8 may be due to
the enhancement in electron density enabling increased
echoes from small sized particles existing in turbulent
regions. Therefore, in both the cases it appear as if the
enhanced electron densities ’lits’ the preexisting dormant
Bragg scale structures of PMSE. This is also supported
by preexistence of weak PMSE before the particle precipi-
tations in many of the cases. At the same time, the other
possibility for the sporadic enhancements in the spectral
widths during particle precipitation may be from the con-
tribution from incoherent scattering due to the enhanced
electron densities in the regions of weak PMSE. Though
our results are based on Gauss fitting, incoherent scattering
is known to be represented by Lorentzian form in the D-
region heights (e.g. (Chau and Kudeki, 2006)). When the
PMSE are weak, sudden enhancement of electron densities
would have affected the widths of the Gauss fits due to
broadening from incoherent scattering. While this can
explain the sporadic enhancement in the high spectral
width weak PMSE during particle precipitation events,
the very existence of weak PMSE structures with relatively
larger spectral widths in the normal conditions without any
electron density enhancements demand a detailed study in
the future.

4. Summary and conclusion

In this work we have carried out detailed investigation
on the response of the PMSE to the particle precipitation
events. Gauss fitting is made to the PMSE spectra and
the parameters of peak power, Doppler velocity and
FWHM Spectral widths are obtained. Five days of EIS-
CAT VHF radar data at 224 MHz from July and August
2019 were studied. Standard Guisdap analyzed electron
density measurements between 90 and 95 km are consid-
ered as proxy for particle precipitations. The results
showed clear response only in the power and altitude extent
of the PMSE echoes during particle precipitation events.

It is important to note that the very existence of PMSE
is not related to the particle precipitations. Other factors
like the existence of temperatures below frost point,
enough water vapor, turbulent structures and wind advec-
tion of the structures within radar beam are important
along with the electron density. There are occasions in
which PMSE has suddenly started (19:30 UT on 16 July
and 01:09 UT on 10 August, for example) or its power
has increased without any correspondence to the increase
in the particle precipitations (20:30 UT on 16 July, for
example). Nevertheless, PMSE power has shown an
increase with particle precipitations in all the cases studied
herein including a short burst of precipitation (on 9 August
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2019 between 21:15–21:19 UT). The altitude extent of
PMSE often increased during precipitations (see Fig. 7
and Table 2) and that was the case particularly for intense
particle precipitations. Often the lower portion of the
PMSE layer appears to extend resulting in an increased
altitude extent with particle precipitations. There are also
occasions wherein PMSE started suddenly with onset of
particle precipitations (23:00 UT on 9 August). However,
there is no simple functional form of relationship between
the electron density enhancements and the increase in the
power of the echoes during particle precipiation events.
This is in concurrence with previous studies. The Doppler
vertical velocities and the spectral widths did not show
any abrupt variations associated with the particle
precipitations.

These observations indicate that the dormant structures
already existing in the region are immediately converted
into active scatterers by the sudden influx of electrons dur-
ing particle precipitation events. Such an interpretation
also explains sudden formation of PMSE on certain alti-
tudes during the onset of particle precipitations. The lack
of linear relationships might be due to the variabilities in
the other controlling factors like amount of ice crystals,
extent of dormant structures and temperature as men-
tioned above.

Apart from the influence of particle precipitations, an
inverse relationship between spectral widths and PMSE
peak power is noticed such that the high power reflections
almost always contain moderate to weak spectral widths.
This inverse relationship appears to intensify during parti-
cle precipitation cases in that both the number of high
power echoes and high spectral width points increased
compared with quiet periods. Though incoherent scattering
contribution from the enhanced electron densities during
particle precipitations may have contributed to broader
spectral widths of weak PMSE, existence of such an inverse
relationship in the absence of particle precipitations is note-
worthy. A detailed study on this inverse relationship is
planned for future work.
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Kelley, M.C., Farley, D.T., Röttger, J., 1987. The effect of cluster ions on
anomalous vhf backscatter from the summer polar mesosphere.
Geophys. Res. Lett. 14 (10), 1031–1034. https://doi.org/10.1029/
GL014i010p01031.

Kirkwood, S., Belova, E., Dalin, P., Mihalikova, M., Mikhaylova, D.,
Murtagh, D., Nilsson, H., Satheesan, K., Urban, J., Wolf, I., 2013.
Response of polar mesosphere summer echoes to geomagnetic distur-
bances in the southern and northern hemispheres: the importance of
nitric oxide. Ann. Geophys. 31 (2), 333–347.

https://doi.org/10.1017/S002211205900009X
https://doi.org/10.1017/S002211205900009X
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0015
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0015
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0015
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0015
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0020
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0020
https://doi.org/10.5194/angeo-24-1295-2006
https://doi.org/10.5194/acp-18-9547-2018
https://doi.org/10.5194/acp-18-9547-2018
https://doi.org/10.1029/91JD02836
https://doi.org/10.1029/GL006i006p00459
https://doi.org/10.1029/JA086iA09p07775
https://doi.org/10.1029/JA086iA09p07775
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0050
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0050
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0050
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0055
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0055
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0055
https://doi.org/10.1029/JA083iA03p00989
https://doi.org/10.1029/JA083iA03p00989
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0065
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0065
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0065
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0070
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0070
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0070
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0070
https://doi.org/10.5194/acp-11-1355-2011
https://doi.org/10.1029/GL014i010p01031
https://doi.org/10.1029/GL014i010p01031
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0085
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0085
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0085
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0085
http://refhub.elsevier.com/S0273-1177(22)00111-9/h0085


V.L. Narayanan et al. Advances in Space Research 69 (2022) 3350–3361
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