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Key Points:

+ The characteristics of polar mesosphere summer echoes (PMSEs) simultaneously observed by both very high frequency (VHF) and

ultra high frequency (UHF) radars are presented

- High-frequency heating has a limited effect on the intensity of PMSEs when the UHF electron density is increased because of

energetic particle precipitation

+ The volume reflectivity has been further confirmed to be inversely proportional to the fourth power of radar frequency

Citation: Ge, S. C,, Li, H. L., Meng, L., Wang, M. Y., Xu, T., Ullah, S., Rauf, A. and Abdel, H. (2020). On the radar frequency dependence of
polar mesosphere summer echoes. Earth Planet. Phys., 4(6), 571-578. http://doi.org/10.26464/epp2020061

Abstract: Polar mesosphere summer echoes (PMSEs) are very strong radar echoes in the polar mesopause in local summer. Here we
present the frequency dependence of the volume reflectivity and the effect of energetic particle precipitation on modulated PMSEs by
using PMSEs observations carried out by European Incoherent SCATter (EISCAT) heating equipment simultaneously with very high
frequency (VHF) radar and ultra high frequency (UHF) radar on 12 July 2007. According to the experimental observations, the PMSEs

occurrence rate at VHF was much higher than that at UHF, and the altitude of the PMSEs maximum observed at VHF was higher than that
at UHF. Overlapping regions were observed by VHF radar between high energetic particle precipitation and the PMSEs. In addition, high-
frequency heating had a very limited impact on PMSEs when the UHF electron density was enhanced because of energetic particle
precipitation. In addition, an updated qualitative method was used to study the relationship between volume reflectivity and frequency.
The volume reflectivity was found to be inversely proportional to the fourth power of radar frequency. The theoretical and experimental

results provide a definitive data foundation for further analysis and investigation of the physical mechanism of PMSEs.
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1. Introduction

Polar mesosphere summer echoes (PMSEs) are strong echoes de-
tected by radar in the polar mesopause in local summer.
Czechowsky et al. (1979) and Ecklund and Balsley (1981) first stud-
ied PMSEs by SOUSY (sounding system) and MST (mesosphere—
stratosphere-troposphere) radar measurements, respectively.
Since then, PMSEs have been studied in depth both theoretically
and experimentally (Reid et al., 1988, 1989; Czechowsky et al.,
1989; Rapp and Libken, 2004).

Active heating experiments of PMSEs provide a new method of
finding dusty plasma parameters in the mesosphere. Chilson et al.
(2000) first presented the artificial electron heating effects on
PMSEs by very high frequency (VHF) radar and found significant
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variations in the intensity of PMSEs during high-frequency (HF)
heating. Later, La Hoz et al. (2006) observed a similar response of
PMSEs to HF heating with ultra high frequency (UHF) radar.
Havnes et al. (2003, 2007) used different heating sequences (such
as heating for 20 s, closing for 160 s) for the heating experiments
and found that the PMSEs overshoot event. That is, when the ra-
dio wave is turned on, PMSEs are immediately weakened or even
disappear because the increase in electron temperature from ra-
dio wave heating causes the diffusion of ions and electrons. This
disrupts the balance between dust charges and plasma densities;
hence, PMSEs decrease by the reduction in electron density irreg-
ularities (La Hoz and Havnes, 2008). When the radio wave is
turned off, the PMSEs rebound significantly and then slowly re-
turn to their preheated state. When decreasing the size of the dust
radius, the dust charging time becomes greater than the plasma
adjustment time, which produces the PMSEs overshoot event
(Scales, 2004; Chen C and Scales, 2005). Much theoretical work has
been done to explain this overshoot effect (Kassa et al., 2005;
Mahmoudian et al,, 2011; Senior et al., 2014; Blagoveshchenskaya
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et al,, 2015; Havnes et al., 2015; Mishin et al., 2016; Wang et al.,
2016).

Artificial electron heating experiments are known to be limited by
many environmental factors, such as energetic particle precipita-
tion (EPP). Energetic particle precipitation refers to highly ener-
getic electrons, protons, neutrons, and ions that are accelerated
into the atmosphere through various geomagnetic processes.
They enter the atmosphere mainly in the geomagnetic polar re-
gions and have a significant impact on the ionization, chemistry,
temperature, and density of the mesosphere (Sinnhuber et al.,
2012; Yi W et al., 20173, b, 2018; Zou ZC et al., 2020). Some related
reports (Zhang BC et al., 2001; Cai HT and Ma SY, 2007) have been
presented but still no flawless study has been done on PMSEs
heating experiments under the effect of EPP. The literature re-
veals that volume reflectivity shows an enormous frequency de-
pendence (Cho and Kelley, 1993; Rapp and Lubken, 2004; Li HL et
al., 2010). The relationship between the PMSEs volume reflectivity
and radar frequency still lacks complete results. Hence, it is neces-
sary to provide further details on the relationship between the
PMSEs volume reflectivity and radar frequency. It is useful to elu-
cidate the structural properties of the possible generation mech-
anism of strong radar echoes in the polar summer mesosphere re-
gion.

To study the validity of theoretical expectations, a common
volume and simultaneous observations should ideally be used as
tools. The aim of this research was to investigate the characterist-
ics of PMSEs during artificial electron heating experiments in the
VHF and UHF bands and to analyze the relationship between the
PMSEs volume reflectivity and radar frequency under the influ-
ence of EPP.

Table 1. European Incoherent SCATter (EISCAT) radar parameters
and experimental configuration.

Parameter EISCAT VHF EISCAT UHF

Geographic coordinates 69°35 N, 19°14 E 69°35 N, 19°14 E

Frequency (MHz) 224 930
Wavelength (m) 1.34 0.32
Altitude resolution (km) 0.3 045
Time resolution (s) 5 6
Beam width (°) 12x16 0.7
System temperature (K) 250-350 110
Radar program arcdlayer manda

Heating cycle 180 s (20 s on, 160 s off)

Pump wave mode Alternate O wave and X wave modes

Pump wave frequency

(MHz2) 5.423
Pump wave direction Vertical
Pump wave transmitter 360
power (MW)

Altitude range (km) 59.7-139.5

2. Experimental Configuration

Polar mesosphere summer echoes heating experiments were car-
ried out by European Incoherent SCATter (EISCAT) heating equip-
ment located near Tromsg (69°35 N, 19°14 E) in northern Norway.
The data were detected simultaneously by the EISCAT VHF radar
and UHF radar, which were operating at relatively high but well-
separated frequencies (224 and 930 MHz). Details of the heating
facility used in the experiment are presented in Table 1.

The maximum of the apparent electron density between 80 and
90 km was used as a proxy for the strongest PMSEs. The electron
density satisfying the threshold (N, = 3 x 10'° m™) at an altitude
of 91 km was used as a proxy for EPP (Rauf et al., 2019). It was
helpful to observe the relationship between volume reflectivity
and radar frequency of PMSEs during EPP events.

3. Observations of the VHF and UHF PMSEs with the

Artificial Electron Heating Experiment

On 12 July 2007, the EISCAT VHF radar and UHF radar were oper-
ated simultaneously during the daytime in a special experiment to
study the spectral characteristics of PMSEs. The experiment was
carried out from 8:00 to 11:00 universal time (UT), but only the ob-
servations corresponding to the time interval from 9:00 to 10:00
UT were used, which corresponds to the study in Section 4.
Figures 1 and 2 show the PMSEs observations that were carried
out simultaneously with EISCAT VHF radar and UHF radar from
09:00 to 10:00 UT on 12 July 2007. From these figures, it is clear
that PMSEs were rare and discontinuous when observed by EIS-
CAT UHF radar, and the PMSEs height distribution ranged from 82
to 83 km. In contrast, PMSEs occurred more frequently and more
clearly when observed by EISCAT VHF radar, and the height distri-
bution ranged from 82 to 88 km.

Figure 2 shows that the UHF PMSEs corresponds to strong precip-
itation, and the region where EPP occurs partially overlaps the re-
gion where the PMSEs were observed by VHF radar. In fact, EPP
also occurs at the same time the PMSEs were observed by VHF
radar. Furthermore, Figure 1 shows almost no change in PMSEs in-
tensity during the ionospheric artificial heating experiments, and
PMSEs events are hardly affected by HF electromagnetic waves.
The limited effect on PMSEs is due to the presence of EPP be-
cause the electron density in the mesosphere increases in the
presence of EPP. Obvious absorption events will occur when the
strong electromagnetic waves generated by the HF transmitter
are vertically incident to the ionosphere, and the electromagnetic
wave energy will attenuate rapidly, at which point it cannot reach
the PMSEs region. Therefore, most of the heater wave energy was
absorbed below the PMSEs layer, and this had little heating effect
on the PMSEs (Rauf et al., 2018; Ullah et al., 2018).

4. Relationship Between the PMSEs Volume Reflectivity

and Radar Frequency

4.1 Literature Database Analysis

In recent years, many radar observations have sought to verify the
dependence of the echo intensity on frequency, although these
observations have not reached the desired conclusion. Directly

Ge SC and Li HL et al.: Frequency dependence of PMSEs



At VHF on 12 July 2007

100

Altitude (km)

70
900 03 06 09 12 15 18 21 24 27

|’Q'H\'M]|'.‘\‘J‘..A., m -IM

1O A OO

i

30

-

Earth and Planetary Physics  doi: 10.26464/epp2020061 573
log(N,) m=
14.0
" 13.0
111 O 0111 ) '
120
11.5
33 36 39 42 45 48 51 54 57 10:00

Time in minutes (UT)

Figure 1.

Polar mesosphere summer echoes (PMSEs) observed by EISCAT very high frequency (VHF) radar from 09:00 to 10:00 universal time (UT)

on 12 July 2007. The vertical green rectangles represent the periods when radio waves were turned on during each heating cycle.
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Figure 2. The same as Figure 1 but for the EISCAT ultra high frequency (UHF) radar.

analyzing the data results detected by radar of different frequen-
ciesis almost impossible because many observations are dis-
played in the form of the relative signal-to-noise ratio rather than
as the absolute signal strength. The power being returned to the
radar from a target has previously been referred to as reflectivity,
which is a measure of the efficiency of a target at intercepting and
returning radio frequency energy. The volume reflectivity is gen-
eral radar terminology for the backscattering cross section per
unit volume in the radar beam. The volume reflectivity is well
known to be an independent parameter of the system, and it can
be used to study the frequency dependence.

In this section, we mainly discuss the relationship between
volume reflectivity and radar VHF and UHF bandwidth frequen-
cies. Table 2 shows the volume reflectivity observed at different
radar frequencies and in different locations. As shown in Table 2,
the volume reflectivity clearly decreases with increasing radar fre-
quency.

The scatter and fitting results for the volume reflectivity at differ-
ent frequencies is given in Figure 3 based on the data in Table 2.
The fitting expression is as follows:

logio(n) = 16.57 — 3.8810g,(f), (1)

where n is the volume reflectivity and f is the radar frequency. The
volume reflectivity was found to be inversely proportional to the
fourth power of frequency through this formula. That is, the scat-
tering cross section per unit volume is inversely proportional to
the fourth power of frequency.

4.2 Experimental Data Analysis

The relationship between volume reflectivity and radar frequency
was verified experimentally. The original data dump provided by
the EISCAT experiments were autocorrelation functions. These ob-
servations were routinely analyzed off-line in terms of electron
number densities (or “apparent” electron densities, particularly for
the PMSE region) by using the well-documented Grand Unified In-
coherent Scatter Design and Analysis Package (GUISDAP; Lehtin-
en and Huuskonen, 1996). The apparent electron density was then
converted to volume reflectivity by using the following equation:

@)

n = 0p X Ne,

where g, = 4.99 x 107’ m™ is the effective scattering cross sec-
tion of each electron and N, is the apparent electron density
(Rottger and La Hoz, 1990).

From Figure 2, we know the PMSEs intensity did not change signi-
ficantly because EPP occurred during the artificial electron heat-
ing experiments. With the GUISDAP software package, the simul-
taneous observation data of the EISCAT VHF radar and UHF radar
were analyzed with a 20 s integration time. This included the elec-
tron density corrected for height, which can represent the echo
intensity. Figure 4 shows the variation profile of the correspond-
ing radar echo with altitude observed by EISCAT radar. From 09:16
to 09:24 UT, 25 height profiles of VHF and UHF backscatter were
recorded. We normalized the maximum values of the radar
echoes in the VHF (solid blue lines) and UHF (dashed black lines)
bands from 80 to 90 km. The start time corresponding to each fig-
ure is marked in Figure 4.
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Table 2. Volume reflectivity observed with different types of radar.

Frequency (MHz) Location Reference Reflectivity (m-1)
49.6 Tromsg (69°N) Réttger et al. (1990) 2.0 x 10-12
50.0 Poker Flat (65°N) Kelley and Ulwick (1988) 9.0 x 10-15
51.5 Resolute Bay (75°N) Swarnalingam et al. (2011) 5.8 x 10712-4.2 x 10-16
53.5 Andgya (69°N) Havnes et al. (2001) 40 x 10-12
53.5 Andgya (69°N) Belova et al. (2007) 40 x 10-13
53.5 Andaya (69°N) Czechowsky et al. (1989) 1.9 x 1079-2.2 x 10-16
53.5 Svalbard (78°N) Réttger (2001) 2.2 x 10-14-1.8 x 10-15
55 Davis (69°S) Morris et al. (2006) 3.7 x 10-11-15 x 10-17
224 Tromsg (69°N) Rottger et al. (1990) 1.5 x 10-16
224 Tromsg (69°N) Hocking and Rottger (1997) 1.3 x 10-17-1.3 x 101>
224 Tromsg (69°N) Hoppe et al. (1988) 3.5 x 1018
224 Tromsg (69°N) Belova et al. (2007) 1.5 x 1014
224 Tromsg (69°N) Collis and Rottger (1990) 5.0 x 10-14
450 Poker Flat (65°N) Nicolls et al. (2007) 2.0-3.0 x 1014
500 Svalbard (78°N) Rottger (2001) 5.3 x 10-19-3.3 x 10-20
930 Tromsg (69°N) Réttger et al. (1990) 1.2 x 10-18
930 Tromsg (69°N) Belova et al. (2007) 1.5 x 10-18
930 Tromsg (69°N) Nicolls et al. (2007) 2.0 x 10-18
1,290 Sondrestrom (67°N) Cho et al. (1992) 2.5 x 10-18
10° . and radar frequency, we calculated the volume reflectivity in the
10°F VHF and UHF bands, as shown in Figure 5. Figure 5 illustrates the
10F . . .
! o maximum values of the volume reflectivity for the corresponding
E 12 ] s time intervals shown in Figure 4. The horizontal axis represents
— -12 -
g2 10mF y the observation time, and the vertical axis represents the logar-
"é 10k ithm of the radar volume reflectivity in the VHF and UHF bands. As
= . . . . e .
@ 105k shown in Figure 5, the maximum value of volume reflectivity in
% 107 the UHF band was found to be fluctuant between 10-'8 and
S 107k 107 m~1, whereas it was 10-'> to 10~'* m~" in the VHF band.
10-18 E
10k From Figure 5, it is obvious that the n values at both the VHF and
102 . $ . UHF bands were not stable and showed great variation. To ana-
107 108 10°

Frequency (Hz)

Figure 3. Relationship between volume reflectivity and radar
frequency.

As shown in Figure 4, the heights of the strongest echoes ob-
served by both VHF radar and UHF radar from 09:16:00 to 09:18:20
UT were clearly about 83.5 km. Moreover, the strongest radar
echo in the UHF band gradually weakened after 09:18:40 UT, and
the height of the strongest PMSE in the VHF and UHF bands
gradually became inconsistent after 09:18:40 UT. In general, the
strongest PMSE observed by VHF radar occurred at a higher alti-
tude than that observed by UHF radar, except at 9:21:20 UT.

Because the PMSEs were observed simultaneously in the VHF and
UHF bands, none was affected by strong electromagnetic waves.
To further analyze the dependence between volume reflectivity

lyze the radar frequency index at each height, we used the follow-
ing formula:

n= 10g14(NvrE) = 10810(NunE) 3)

logso(furr) = 100 (furr) *

where n is the index of the wavenumber, n,e and ng,¢ represent
the volume reflectivity values corresponding to the VHF and UHF
bands, and fyyr and fyyr represent the frequencies of VHF radar
and UHF radar, respectively. Equation (3) is a simplified formula
based on the volume reflectivity equation of Rapp and Lubken
(2004) that was used to find the frequency index.

From Equation (3) and Figure 6, we obtained the ratio between
—5.4 and —4.4, which fluctuated around —4.5 from 09:16:00 to
09:18:20 UT. In the region of the UHF band where the PMSEs were
weak, the ratio was high, about -5, and it was basically consistent
with the above-mentioned literature database analysis. For the in-
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VHF and UHF on 12 July 2007 from 09:16 UT
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backscatter height profiles were scaled by setting the maximum value of the strongest echo in each PMSEs profile to one.
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Figure 5. Maximum value of volume reflectivity versus time
observed by VHF radar and UHF radar.

creasing frequency or the Bragg wavenumber, the volume re-
flectivity was found to decrease. A possible explanation is that the
turbulence parameters were very different in the UHF and VHF
EISCAT radar scattering volumes.

5. Discussion

It is well known that radar transmits an electromagnetic wave that
is scattered at targets and is eventually received by a sensor. Ac-
cording to the definition, volume reflectivity depends on the ratio
of the received to transmitted power when other radar paramet-
ers are determined. Furthermore, the volume reflectivity is pro-
portional to the square of the reflection coefficient. Here, based
on the theory of layered media, the altitude range from 83 to 88.4
km was divided evenly. Because permittivity has different values
at different altitudes, if the range is divided into a different num-
ber of layers, the effect on the radar echoes will change. The re-
flection coefficients with the experimental data were calculated
on each layer at the mesopause to determine the relationship

Index

1 1 1 1
16 18 20 22 24
Time in minutes from 09 h:16 min

Figure 6. Indices based on Equation (3) and the corresponding data
shown in Figure 5.

between reflectivity and radar frequency. For the detailed model,
please refer to Li HL et al. (2010). The squares of the reflection
coefficients were calculated at altitudes from 83.0 to 88.4 km, and
the results at each 0.9 km are given in Figure 7. The slope consist-
ency at different heights is obvious at about 224 MHz. Table 3
shows the slopes and intercepts at different heights from Figure 7.
Using a linearization analysis, we found that the logarithm of the
reflection coefficients is proportional to the logarithm of the fre-
quency.

The preceding analysis is based on the reflection coefficients with
frequency changes at different altitudes. Although the trend is ap-
proximately similar, slight differences still exist between each lay-
er. To eliminate these differences, the squares of the reflection
coefficients were averaged across the range of 83.0 to 88.4 km.
Figure 8 shows the relationship between the averaged squares of
the reflection coefficients and the frequencies. The slope was

Ge SC and Li HL et al.: Frequency dependence of PMSEs
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Figure 8. Mean squares of the reflection coefficients versus
frequencies.

—-3.65, and it conforms with the results in Table 3. Hence, the
square of the reflection coefficient is inversely proportional to the
fourth power of frequency. The volume reflectance is thus in-
versely proportional to the fourth power of frequency because of
the proportionality between the volume reflectivity and the
square of the reflection coefficient. Varney et al. (2011) showed
that the variability in PMSEs reflectivity is related to the ice particle
density, its height gradient, wave-induced disturbances, and the
turbulent energy dissipation rate. Charged dust particles in the
neutral atmosphere accumulate in irregular spatial distribution
patterns. Satisfying the electroneutrality condition, the distribu-
tion of charged dust particles induces electron density variation,
and that in turn changes the refraction index, which causes the
radar echoes. The frequency dependence on PMSEs can probably
be explained by electron density gradient theory, by which
charged ice or dust particles are generated. Much more in-depth
work is definitely needed with richer and more diverse learning
content to further validate, refine, and extend these scientific find-
ings.

6. Conclusions
In this study, we carried out PMSEs heating experiments of simul-

Table 3. Slopes and intercepts at different heights.

Height (km) Intercept Slope
83.0 -3.05 -3.55
83.9 -2.73 -3.30
84.8 -1.78 -346
85.7 -0.10 -3.72
86.6 -5.15 -3.36
87.5 -1.78 -3.91
884 -2.69 -3.18

taneously observed by EISCAT 224 and 930 MHz radar on 12 July
2007. Combined with the updated results on volume reflectivity,
the relationship between volume reflectivity and frequency was
confirmed. Our results showed agreement between the theoretic-
al and statistical results. We concluded the following:

(1) The probability of the PMSEs occurring at VHF is much higher
than that at UHF, and the altitude of the PMSEs maximum ob-
served by VHF radar is higher than the altitude of the PMSEs max-
imum observed by UHF radar.

(2) Overlapping regions were found between EPP and the PMSEs
observed by VHF radar. Furthermore, HF heating has a limited ef-
fect on the PMSEs intensity when the UHF electron density is in-
creased because of the presence of EPP.

(3) The volume reflectivity is inversely proportional to the fourth
power of radar frequency, and a new qualitative analysis model is
presented to verify the relationship between the volume reflectiv-
ity and frequency by analyzing the character of the irregularity.
Results of the theoretical analysis are consistent with the experi-
mental results. The volume reflectivity decreases rapidly with an
increase in frequency.
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