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Study on the Strong Radar Echoes at Polar Mesosphere Using
a New Dataset Analysis Software
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Abstract Polar mesosphere echoes and polar mesosphere clouds data extraction and analysis software
(PMEC_DEAS) is used to deal with the echoes and clouds dataset, then the characteristics of radar echoes are
studied in the paper. By analyzing the polar mesosphere summer echoes (PMSE) and polar mesospheric clouds
(PMC) data in the short-and long-terms as an example based on the PMEC DEAS, the correlation between the
occurrence rate (OR) of PMSE and PMC is studied. It is found that the correlation between the short-term PMSE
OR and PMC is not significant, the long-term double-layer PMSE OR is positively correlated with the PMC. It
shows that double-layer PMSE is closely related to PMC, which is consistent with existing conclusions.
PMEC_DEAS can effectively adapt to the complex characteristic changes of the events and has good robustness.
The data analyzed by PMEC_DEAS exhibit better stability and compatibility, and show superiority in convenience
and utilitarian nature over the current mainstream software.
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For extracting and analyzing data, we worked out to analyze data with the range variation of the

the corresponding software—polar mesosphere echoes
and polar mesosphere clouds data extract and analysis
software (PMEC_DEAS) that streamlined the analysis
PMEC DEAS compatible with PME
DEAS". Using the software developed, it is possible

processes.
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parameters taken into account. Moreover, much effort
has been made to minimize the calculation burden in
PMEC DEAS. In a word, PMEC DEAS is more
versatile, scalable and convenient operation software
than other similar type data analysis software.
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The paper focuses on the abnormal radar echoes
that occur in summer and studies the characteristics of
PMSE and PMC. PMC are very thin ice clouds that
form near the polar mesopause in the North and South
hemispheres. PMC are routinely measured by the lidar

>61 Besides, it can be visible to

technique or satellite'
the naked eye possibly after sunset when the lower
part of the atmosphere is dark. Therefore, PMC have
an interesting and historical name of ‘noctilucent’
(visible during the night) clouds.

PMSE are abnormal strong radar echoes at polar
caused by electron density irregularities at half-scale of
the radar wavelength for monostatic radars. PMSE
were first discovered by Ref.[7]. The occurrence
altitude of PMC is lower than that of PMSE. PMC
usually occur in the altitude range of 80~ 86 km',
while the altitude range of PMSE is relatively wide, in
the range of 80~ 95 km'”. But it is known from both
theoretical and observed results that PMSE are tied up
with PMC. Since then, a great deal of researches have
focused on the formation mechanism of PMSE and
PMCP"!. However, the formation mechanism that
allows for the keeping of such structures in the
ionosphere was a hanging matter for more than forty
years. In 2011, Ref.[16] showed that PMC without
PMSE mostly occured around midnight and had a
great influence on the -electromagnetic wave
propagation in the mesosphere using the coincident
measurements of PMSE and PMC above ALOMAR
(69°N, 16°E) by radar and lidar from 1999 to 2008. In
2016, Ref[17]
variations of PMC in eight years. In fact, changes
observed in PMC and PMSE in recent decades are

possibly related to anthropogenic effects on the

showed persistent longitudinal

atmosphere. Verification of the relation between PMC
and PMSE requires the coincident measurements
equipment while observing PMC and PMSE.

In the paper, the data of PMSE and PMC are
analyzed by PMEC DEAS. We

correlation

presented the

between short-term coincident
measurements PMSE and PMC above Tromse on 13-
15 July 2010, 24-28 June 2013 and 1 July 2013,
respectively. The correlation between long-term
coincident measurements of PMSE and PMC during

2007-2013 is also analyzed. It is one of the few studies

for long-term analysis on the correlation between the
PMSE and PMC. Moreover, the possible explanations
are discussed.

1 PMEC_DEAS Description

We know that beamforming is a process of
combining the individual receive channels into a single
received signal. The beamforming can be seen as a
spatial filter applied in different complex weights of
channels. Some of the results effectively steer a beam
in a specific direction. Beamforming gives information
about the bearing elevation of the object that users are
trying to track. Traditionally, the concept of range-
gates is the basis of incoherent scatter signal analysis,
in which an assumption is made, that is, the slow
spatial change of the target is assumed as a function of
the scattering point!"®. PMEC_DEAS is able to analyze
radar data and non-radar data. Note that, the raw data
should be preprocessed by the GUISDAP (Grand
Unified Incoherent Scatter Design and Analysis
Package), if the raw data are downloaded from
(EISCAT) dataset
website. If not, users can analyze the data by
PMEC DEAS directly. Therefore, PMEC DEAS has
the following purposes:

European Incoherent Scatter

1) It quickly obtains the dada with processing
easily.
2) It

abnormal radar echoes and clouds at the polar

completes high-resolution figures of
mesosphere.

3) It quickly analyzes the variation trends of
plasma parameters under changing background
environments at the polar mesosphere.

The framework of PMEC DEAS is easy enough
for anyone to participate in, without requiring any
understanding of its advanced features. And the user
interface (UI) has simple operation, ease and common
calibration. However, the following are needed: 1) A
computer with MATLAB license; 2) An initialization
file for the experiment; 3) The raw data have dealt
with by the GUISDAP, if the raw data are downloaded
from the EISCAT website; 4) A startup program for
the analysis. In short, PMEC DEAS is mainly divided
into four modules:

1) File selection module
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The file selection module is the first startup
program of the PMEC DEAS. The purpose of this
program is to display the file location and guide the
users to select the data to be processed. It makes the
selection of data more intuitive and convenient. After
reading the data, the data are stored in the form of
global variables while transferred to the next program.
The module is mainly realized by the ‘uigetfile’ in the
MATLAB function library. Fig. 1 shows the graphical
interface of the PMEC_DEAS.

F

PME_DEAS 2.0

Please select the data file

o |

: Conventional experimental mode i- Design experiment mode
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Fig. 1 Graphical interface of the PMEC DEAS

2) Data extraction module

The goal of the data extraction module is to
extract the data and store them in a ‘.txt’ file, which
can extract a variety of data parameters. These data are
used by subsequent programs.

3) Data analysis module

The aim of the data analysis module is to perform
a preliminary fitting of the extracted data and obtain
elementary information. The information includes the
figures/profiles of the abnormal echoes and clouds
change with the altitude and time at the polar
mesosphere.

4) General-purpose graphics module

This module is divided into five sections because
users need to extract a variety of effective information
from the data. General-purpose graphics module
includes the analysis results dominated by the
conventional ‘manda’ and ‘arc_dlayer’ mode, analysis
results dominated by aspect sensitivity, analysis results
dominated by HF heating, and analysis results

dominated by the characters of PMC. The characters of

abnormal radar echoes can be quickly obtained using
conventional ‘manda’ and ‘arc_dlayer’ modes. Users
can get the changes with altitude and time of the
abnormal radar echoes at the polar mesosphere when
the abnormal radar echoes are heated by a powerful
ground-based HF radio wave, using the HF heating
mode. Besides, the scattering characteristics of the
abnormal echoes at the polar mesosphere observed at
different elevation angles are obtained, using the
aspect sensitivity mode. The section of PMC presents
the variations of PMC with different latitudes and
longitudes, and users freely choose the PMC data of
geographic location which they need.

In general, PMEC DEAS provides a friendly
interface to quickly extract the data from a database.
During data analysis, users can invoke data in the
database, complete high-precision drawing, and obtain
an overall understanding of the results of observation
experiments. PMEC DEAS also quickly gives the
radar echoes intensity figures in different altitude
ranges. Besides, the maximum, average and median
values of plasma parameters over time and radar
elevation angles are obtained, which are used to study
the characteristic of volume reflectivity dependence on
the frequency and aspect sensitivity of radar echoes
and other characteristics. At the same time, the
influence of HF electromagnetic waves on the plasma
is also analyzed in the mesosphere. Moreover, the
characters of PMC are also given. Fig. 2 shows the
flowchart of the PMEC DEAS.

‘ Input Experimental data file ‘

User profiles ‘ ‘Advanced Settings

‘ Initialization

Signal time delay

‘ Fuzzy functions

correction

Extraction and

‘ Nonlinear fitting ‘
J

):){ Results file ‘ ‘ Figures ‘

Fig.2 Flowchart of the PMEC_DEAS

Retrieval algorithms Least square fitting

‘ Output

2 Experiment Results and Analysis

We analyze the PMSE and PMC dataset by the
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PMEC DEAS, then the short-term and long-term
correlations between PMSE and PMC are studied as an
example in this section. For short-term analysis, the
data were collected on 13-15 July 2010, 24-28 June
2013 and 1 July 2013, using EISCAT VHF radar and
Cloud Imaging and Particle Size (CIPS) instrument at
Tromse (69°35'N, 19°14'N). For long-term analysis,
we use the data collected in 2007-2013.
2.1 Experiment Instrument and Data

As described above, PMC are observed by the
CIPS instrument and PMSE are observed by the
EISCAT VHF radar at Tromse.
2.1.1 Radar

The EISCAT VHF radar operates at 224 MHz
and has a 120 mx40 m parabolic cylinder antenna. The
radar working mode—arc_dlayer is used in our study.
The PMSE data with altitude resolution of 300 m and
time resolution 5 s obtained by the radar are used. The
background noise of cosmic origin is removed from
the echoes. Additionally, typical contaminations of
radar echoes measurements like meteor echoes are
removed from the dataset. The details of the technical
parameters/modes configuration of the EISCAT VHF
radar please refer to Ref. [19] and references therein.
2.1.2  CIPS Instrument

The CIPS instrument is a panoramic imager that
measures ultraviolet radiation scattered by PMC and
atmospheric gases, and it was carried by the NASA
Aeronomy of Ice in the Mesosphere (AIM) in 2007**",
The data of CIPS are freely available and updated for
each subsequent season (please visit the website:
http://aim.hamptonu.edu). The instrument performance
requirements for all of the CIPS measurements and the
key performance characteristics of the cameras are

shown in Table 1°" and Table 2”", respectively.

Table 1 CIPS performance requirements configuration”"

Geophysical parameter resolution Accuracy/%
PMC detection limit 50 N/A
PMC morphology 50 15
PMC particle size 200 50
Gravity wave effects 3 N/A

Table 2 CIPS instrument configuration"

Parameter Value
Effective focal length/mm 24.8
Focal ratio F/4
Field of view/(°) 44x44
Spectral passband/nm 265+7.5
Pixel size/mm 0.014
Imaging pixel format 2048x2048

According to the measured albedo, the structure
of PMC" and gravity waves (GWs)™" can be derived.
CIPS PMC data products include cloud albedo,
particle radius and ice water content along each orbit
strip with 56.25 km’ spatial resolution™. In the
dataset, the variables that the users are interested in the
CLD_ALBEDO (the column integrated brightness "as
seen from above") and possibly PARTICLE RADIUS.
As a start, the one CIPS pixel can be found that are
closest in latitude and longitude to Tromse, and then
grab the pixels in a square of roughly 30 pixelsx
30 pixels around this closest pixel. Since one pixel has
a size of 7.5 km, it would mean the pixels in a square
of 225 kmx225 km above the VHF radar. Then do an
average over these pixels for each day.

2.2 Experiment on the Short-Term Study of the

Correlation between PMSE and PMC

The correlation between PMSE observed by the
EISCAT VHF radar on 13-15 July 2010, 24-28 June
and 1 July 2013 and PMC observed by the CIPS
instrument in simultaneous and common-volume
observations are studied.

2.2.1 Comparative study of PMSE and PMC on 13-
15 July 2010

Fig. 3 shows profiles of PMSE normalized
intensity on 13-15 July 2010 where the vertical axis
shows the average PMSE power during the altitude
range of 82~92 km. Fig. 4 shows a profile of PMC
intensity in June and July of 2010 where two black
lines represent the special latitude (horizontal line) and
the timeline (vertical line) corresponding to the
observation time of PMSE. It can be seen from Fig. 3
that the strongest radar echo occurred on 15th July
2010, followed by the 13th July, and the weakest radar

echo occurred on the 14th July. Besides, it can be
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noted that the PMC intensity compared with PMSE
intensity over Tromsg was relatively weak on 13-15
July 2010, but the PMC intensity on the 15th July was
higher than that on 13th and 14th July. This implies
that the variational trends of PMSE are consistent with
the variational trends of PMC during the observation
experiments (13-15 July 2010).
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Fig. 3 PMSE intensity profile on 13-15 July 2010
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Fig. 4 PMC intensity profile on June and July 2010

2.2.2  Comparative Study of PMSE and PMC on 24-
28 June and 1 July 2013
In order to verify the correlation between the

short-term PMSE and PMC obtained from section
2.2.1, the correlation between PMSE and PMC is
conducted again, using the data from 24-28 June and 1
July 2013. It is necessary to elaborate on the
discontinuity of the data. PMSE is only observed on
24-28 June and 1 July by the EISCAT VHF radar in
the summer of 2013, so we use the 6 days
observational data to analyze the short-term PMSE.
The correlation between PMC and PMSE is shown in
Fig. 5. The Fig. 5 indicates that the variational trends
of PMC and PMSE are generally consistent during 24-
28 June and 1 July 2013. Subsequently, we calculate
the correlation coefficient between PMC and PMSE.
The correlation coefficient is R=0.870, where P=0.046.
It suggests that there is a strong positive correlation
between PMC and PMSE during 24-28 June and 1
July 2013. Here PMC is positively correlated to the
PMSE intensity, indicating that a large fraction of
these cases are due to the variation of electron density.
Quantification of the relation between PMSE and
PMC, especially the short-term observations of PMC
and PMSE in the same volume, is beneficial to test
PMSE theories and comparison of the boundaries of
both phenomena allows to access the strength of the

coupling of the layers.
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Fig. 5 Corresponding PMC and PMSE intensity on 24-28 June
and 1 July 2013

2.3 Experiment on the Long-Term Study of the
Correlation Between PMSE and PMC
In section 2.2, we study the short-term correlation
between PMSE and PMC, and the
correlation between PMSE and PMC is studied in this
section. Since CIPS has performed PMC observation

long-term

missions since 2007, based on our knowledge and
published references [16, 24-25], the correlation
between PMC and double-layer PMSE might be
relatively stronger. Therefore, the correlation between
double-layer PMSE and PMC is discussed. Here, for
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avoiding the impacts of other factors on the
correlation, we analyze the PMSE and PMC data
during 2007-2013, because there was no apparent
PMC when PMSE occurred in 2014 and the following
few years. It should be noted that the past data rarely
affected the long-term trend in general, and the results
of PMSE and PMC described in the paper are relevant
for the interpretation and planning now underway.

The PMC data are
corresponding to the occurrence of PMSE and the
method (For a detailed
introduction of the Pearson correlation method please
refer to Ref.[19] and Ref.[26] and references therein)
is used to calculate the correlation coefficient between

statistically —analyzed

Pearson  correlation

them. If PMSE occur on a certain day, PMC are not
observed, then the PMC intensity on that day is
recorded as 0. Fig. 6 shows the correlation between the
double-layer PMSE occurrence rate (OR) and PMC
intensity during 2007-2013. The Pearson correlation
coefficient between the double-layer PMSE and PMC
is calculated. The correlation coefficient is R= 0.233,
where P=0.008.

correlation coefficient, it can be noted that there is a

From the perspective of the

weak correlation between the double-layer PMSE and
PMC. Fig. 7 shows the comparative analysis between
the total OR of PMSE and the intensity of PMC from
2007 to 2013. The Pearson correlation coefficient
between the total PMSE OR and PMC is 0.214 with
P=0.005. Therefore, as noted above, the correlation
between total PMSE OR and PMC is weak or even
irrelevant. But the OR of PMSE is higher than the
PMC. In the above analysis process, we notice that
there is a situation where at least one of the double-
layer PMSE OR or PMC is 0, and the existence of this
situation affects the result of correlation. Hence, we
should avoid the situation.

10 —e—Double-layer PMSE OR —x- PMC albedo

0.8
0.6
0.4

PMC albedo/(107 sr'!)

Double-layer PMSE OR

Fig. 6 Occurrence rate of double-layer PMSE and PMC
during 2007-2013

——Total PMSE OR -x PMC albedo

Total PMSE OR
PMC albedo/(107¢ sr™)

Fig. 7 Occurrence rate of total PMSE and PMC
during 2007-2013

Avoiding the situation that one of the double-
layer PMSE OR or PMC is 0 means that in the process
of data analysis, the PMSE OR and PMC intensity data
of that day are discarded when one of the double-layer
PMSE OR or PMC intensity on a certain day is 0. The
data for that day will be retained and the values are
both recorded 0, when the PMSE OR and PMC
intensity are both 0. Fig. 8 depicts the comparison
between the OR of double-layer PMSE and PMC after
avoiding the situation that one of the double-layer
PMSE OR or PMC is 0 during 2007-2013. It is worth
noting that there are still a few PMC intensities seem
to equal zero in Fig. 8, in fact, the intensity is not zero,
just very weak. After removing the case where one of
the double-layer PMSE OR or PMC is 0, the
correlation coefficient between them is calculated. The
result is correlation coefficient R=0.397, where
P=0.042. 1t is noted that the value of the correlation
coefficient between the double-layer PMSE OR and
PMC increases compared with that in Fig. 6, showing
a moderate correlation. This is in accordance with the
results of the previous study!”. We take this as an
indication that the intensities of PMC and PMSE
increase due to an increase in electron density in
general. Additionally, small-scale structures in ice
layers as known from visual observations and ice
layers tilts as known from the measurements of PMC
also cause uncertainty. As mentioned above, the
formation and development of PMSE and PMC are
affected by many complex factors. For example, the
PMSE and PMC are links to the winds in the
mesopause region, and in particular with the
meridional winds. The analyses and researches provide

new ideas for the research on the formation
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mechanism of PMSE and PMC. It's reasonable to
expect that it will enhance the flexibility of signal
processing and promote the development of radar

communication system.

1.0 T~ Doublc-layer PMSE OR
08 b j - PMC albedo 20
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0.2 f|f
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Double-layer PMSE OR

Year

Fig. 8 Occurrence rate of double-layer PMSE and PMC
during 2007-2013 without both zero at the same time

3 Discussion

The occurrence of PMC or PMSE is an indicator
that the temperature is below the ice point. For
example, PMC provide indirect information to
measure temperature in regions of the atmosphere
where data are lacking. Besides, the PMC observed by
lidar are mainly ice particles with a diameter of about
tens of nanometers, while PMSE observed by radar
indicate the existence of ice particles of different sizes,
so smaller ice particles may form at the mesopause and
then begin to precipitate. The distribution of electrons
may change due to those ice particles, resulting in the
variation and inhomogeneous distribution of electron
density. The generated ionospheric electron density
inhomogeneity will cause the refraction and scattering
of radio waves when PMSE and PMC occur. As a
result, the radio wave communication between the
satellite and the ground is interrupted, and the accuracy
of target localization is reduced, and the monitoring
and tracking systems of spacecraft (satellites and
missiles) fail. There has a serious impact on satellite
operation and control, radio communications, global
positioning systems and navigation, and space-to-
ground monitoring. Therefore, understanding the
variation trend of PMSE and its influence on PMC aid
in the research of finding one new way to derive the
effect of HF electromagnetic waves travelling through
the ionosphere and provide a guarantee for the further

development of radar communication technology. In

principle, the vertical structure of PMC can change
with the changes of background atmosphere (e.g.
temperature, water vapour content and other dynamic
processes)””. PMSE and PMC both have temporal-
spatial characters, that is, their characters change with
time and space. Nonetheless, Ref.[9] first reported the
coincidence of PMSE and PMC bottom altitudes from
different locations. In 2004, Liibken et al. found the
coincidence of PMSE and PMC bottom altitudes in
Spitsbergen"". In 2008, Klekociuk et al. showed that
the PMSE and PMC bottom altitudes are coincided in
Antarctica”. Thus, there are some common factors or
interaction fueling the formation of PMSE and PMC.
Moreover, In 2011, Kaifler et al. indicated that ice
particles are only a necessary but not a sufficient
condition for PMSE formation"”. These imply that
ionization and turbulent activity are necessary
conditions, but they might be limited especially at low
altitudes. There may be a very rapid sublimation due to
the PMSE is sensitive to a wider spectrum of ice
particle sizes.

The PMSE have layered structures in mesopause,
so do the PMC. In 2012, a few double-layer structures
and periodic enhancements in brightness in PMC were
observed by Ref.[28], presented multi-layer structure
and waves in PMC using the ALOMAR lidar™. This
implies that PMSE and PMC are similar in the
structures and different in the formation mechanism.
View from the current study, the formation of layered
PMC might due to two or more kinds of different
cloud systems across the vertical wind shear region.
The possible mechanism of PMSE might be that there
is a layered dust particle layer or ice particles, which
causes the inhomogeneous distribution of electron
density. Therefore, the reflection, refraction and other
events of electromagnetic wave transmission in this
complex medium are changed. In the plasma, the
changes caused by high-power radio waves can affect
the transmission of other radio waves in the current
region. And as mentioned above, there are interactions
between special phenomena (PMSE, PMC and other
phenomena) in the ionosphere, which will affect the
communication

long-distance of electromagnetic

waves in the ionosphere. However, the formation
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processes of PMC and PMSE are still intriguing and
open issues. The issue is one of the most important
scientific problems, and it needs more attention.
Luckily the formation processes of PMSE and PMC
can be used to monitor the dynamic processes that lead
to their existence. If so, we have reason to believe that

the new progress will achieve quickly.
4 Conclusions

A new radar data analysis software is given, and
in the examples of this paper, we analyze the PMSE
experiment data observed by 224 MHz EISCAT VHF
radar and PMC data observed by CIPS from the same
geographical location by using PMEC DAES. The
short-term correlation between PMSE and PMC on 13-
15 July 2010 and 24-28 June 2013 and 1 July 2013 are
presented, respectively. Moreover, the long-term
correlation between PMSE and PMC during 2007-
2013 is analyzed. By analyzing the PMSE and PMC
data on 13-15 July 2010, it can be seen that the PMC
intensity on the 15th July is greater than the PMC
intensity on the 13th July and 14th July, and there is a
positive correlation between the PMSE and PMC
during the observation experiment period (24-28 June
and 1 July 2013). In addition, the correlation between
the PMSE OR and PMC is also statistically analyzed
based on the PMC and PMSE data from 2007 to 2013.
It is found that the OR of PMSE is higher than that of
PMC. But the correlation between the double-layer
PMSE OR and PMC is not significant during 2007-
2013. After removing the case where one of the
double-layer PMSE OR or PMC is 0, it is found that
the double-layer PMSE OR and PMC have a
moderately positive correlation. It shows that the
formation and development of double-layer PMSE are
closely related to PMC, which provides favourable
support for the theory of PMSE partial formation, and
also provides new ideas for solving the issue of radar
signal processing when there is PMSE or PMC. Hence,
PMEC DEAS is certainly practical software for
analyzing a large dataset. Last but not least, the future
development of the software will include more general
function models for parameters beyond the existing
calculation models in PMEC DEAS.
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