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Abstract 

Based on experimental observations with EISCAT VHF radar during the summer period, July 8–12, 2013, the observa-
tions of polar mesosphere summer echoes (PMSE) in the absence of particle precipitation indicate that particle pre-
cipitation is not a necessary condition for PMSE to exist. But, particle precipitation still affects PMSE when they both 
occur simultaneously. So in this paper, the relationship between PMSE and particle precipitation both represented 
by average electron density, occurring simultaneously for time interval of various lengths (t ≥ 2.56 min), is statistically 
analyzed using the Spearman rank and Pearson linear correlation coefficients. The new method by comparing the 
average electron density at altitude of 90 km (proxy of particle precipitation) and PMSE region at altitude of 80–90 km 
(proxy of PMSE) may compare the two phenomena directly and give some relationship between them. The percent-
age of events having positive values is dominant, which shows that the electron density variations due to the ioniza-
tion produced by energetic particle precipitations might have some relationship with PMSE intensity. Moreover, the 
small percentage of negative correlation coefficient observed might be caused by the very strong precipitation at 
that time.
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Introduction
From 1979 onwards, in the upper mesosphere at altitudes 
of 80–90 km, extremely strong radar echoes called polar 
mesosphere summer echoes (PMSE) have been observed 
at polar latitudes (Ecklund and Balsley 1981). PMSE 
occurs with 80–90% probability during the main part of 
the observation period, June until the middle of August 
(Bremer et al. 2006). Radar echoes require irregularities 
in electron density at scale half of the radar wavelength 
(e.g., Bragg scale ~ 3  m at 50  MHz). The existence of 
charged aerosols is required to maintain this irregularity. 
Charged aerosols are mainly small ice particles formed 
because of the low mesospheric summer temperature at 
polar latitude. The noctilucent clouds (NLC) and PMSE 
dust particles also contain meteoric material of both 

the atomic and molecular states injected into the upper 
mesosphere by ablation of micrometeoroids (Hervig 
et  al. 2001; Plane 2004; Lübken and Höffner 2004; She 
et  al. 2006). Moreover, the large numbers of meteoric 
smoke particles (MSPs) are the probable constituents of 
dust particles (Hervig et al. 2012; Havnes et al. 2014). The 
atmospheric chemistry is affected by the dust/ice parti-
cles (Plane et al. 2015). The dust charges are particularly 
important parameter because they affect ice condensa-
tion (Megner and Gumbel 2009) and chemical processes 
(Baumann et al. 2015). These ice particles are responsible 
for reducing the electron diffusivity as proposed by Kelley 
et al. (1987), which will in turn inhibits the fast destruc-
tion of the electron’s density irregularities required for 
radar backscattering. The comprehensive description 
about the detailed physical background of PMSE can be 
found in (Kelley et al. 1987; Cho and Röttger 1997), and 
more recently in Rapp and Lübken (2004).
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Ionization provides free electrons necessary for the 
creation of radar echoes. High-energy particle precipita-
tion can be used as the controlling agent for ionization 
in the polar mesosphere. The increase in signal-to-noise 
ratio near midnight in relation to the onset of the parti-
cle precipitations, in some case studies, indicates that 
the ionization produced by particle precipitation may 
have a role in PMSE creation. Varney et al. (2009) found 
that most of the PMSE observations by Poker Flat Inco-
herent Scatter Radar (PFISR) in 2007 during night time 
were accompanied by the enhanced E-region ionization 
produced by energetic particle precipitation. The previ-
ous lidar observations of mesospheric ice clouds during 
nighttime in the absence of PMSE have been explained 
in exactly the same way (von Zahn and Bremer 1999). 
At polar latitudes, the sun never sets during summer, 
i.e., solar illumination may vary, but is never zero. This is 
especially true at 80–90 km altitude, so solar ionization is 
never zero. Based on the above-mentioned observations, 
energetic particle precipitation seems to enhance PMSE 
at nighttime when solar ionization is weaker.

The geomagnetic K-index and the riometric absorption 
called as cosmic noise absorption (CNA) can be used as a 
proxy of particle precipitation. The PMSE and CNA max-
ima often occurred simultaneously (Morris et  al. 2005). 
The main controlling agent for CNA is the electron den-
sity in the D-layer (Friedrich and Torkar 1983; Friedrich 
et al. 2004). Therefore, CNA and geomagnetic activity are 
well correlated.

To date, several studies, often investigating single event 
or small data sets, (e.g., Rishbeth et al. 1988; Röttger et al. 
1990; Bremer et al. 1995; Rapp et al. 2002; Barabash et al. 
2004) have been conducted with mesospheric VHF radar 
echoes concerning geomagnetic activity. Czechowsky 
et  al. (1989) studied the relationship between absorp-
tion and 30-min mean average values of PMSE signal-
to-noise ratio (SNR) during a period of 50  h in June 
1984 and found a weak positive correlation between the 
two phenomena. Klostermeyer (1999) used the PMSE 
observations of ALOMAR SOUSY radar having oper-
ating frequency of 53.5  MHz during the periods of low 
solar activity. He used the two-ion ice particle model and 
analyzed the daily variation of radar reflectivity and the 
square of absorption. Klostermeyer (1999) reported a 
strong correlation for morning and evening events. Based 
on the model assumption that the condition of electron 
concentration less than the ice particle concentration is 
satisfied only during low ionization conditions, it was 
noted that the strong correlation might not be valid dur-
ing the strong absorption events. Bremer et  al. (2000) 
used the observations of ALOMAR SOUSY radar near 
Andenes during the periods of low solar activity. Bremer 
et  al. (2000) detected a positive correlation between 

PMSE and geomagnetic activity using a data averages 
during June and July in the years 1994–1997. Bremer 
et  al. (2001) used the PMSE observations at Andenes 
with ALWIN radar during 1999 and ALOMAR SOUSY 
radar during 1994–1997 and analyzed the influence of 
geomagnetic activity and riometer absorption on PMSE 
intensity. Bremer et al. (2001) found that PMSE are posi-
tively correlated with both the geomagnetic activity and 
riometer absorption. These correlations have their maxi-
mum values near midnight and minimum values dur-
ing afternoon. Barabash et  al. (2002) detected PMSE by 
using 52 MHz Esrange VHF MST Radar (ESRAD). They 
analyzed the relationship between linear PMSE intensity 
and the mean diurnal variation of the square of absorp-
tion. Barabash et  al. (2002) found a strong correlation 
between the two phenomena. However, the significant 
correlation for their day-to-day variations is observed 
only during the late evening hours. Bremer et al. (2006) 
estimated the correlation between geomagnetic indices 
and the monthly mean value of PMSE intensity. They 
found a significantly positive correlation between PMSE 
and precipitating particle fluxes (geomagnetic indi-
ces used as a proxy). Zeller and Bremer (2009) used the 
observations of ALWIN and OSWIN radars both hav-
ing operating frequencies of 53.5  MHz. They analyzed 
the daily means of geomagnetic activities and VHF radar 
echoes and observed an enhancement of PMSE during 
the maximum of geomagnetic activity. Smirnova et  al. 
(2010) studied the day-to-day and year-to-year variation 
of PMSE reflectivity ƞ and the local geomagnetic K-index 
as averaged over 24  h and for every 3-h interval. They 
used the PMSE observations taken from ESRAD 52 MHz 
and found that PMSE has correlation with geomagnetic 
activity. The relationship of the PMSE occurrence rates 
at 224 MHz with AP index was analyzed by Li and Rapp 
(2011). They found that PMSE shows a positive correla-
tion with AP index. The correlation of PMSE at 224 MHz 
to the ionization level, however, is less significant than 
that at 53.5 MHz. Antonsen and Havnes (2015) found a 
weak positive correlation between PMSE strength and 
rapid changes in electron density for moderately strong 
echoes.

From the literature, we know that the relationship 
between PMSE observed with MST radars at about 
50  MHz and particle precipitation was mainly investi-
gated by using magnetic disturbance indices and CNA 
as a proxy of high-energy particle precipitation (Bremer 
et al. 1995, 2000, 2001, 2006; Barabash et al. 2002; Zeller 
and Bremer 2009; Smirnova et al. 2010). These parame-
ters used as a proxy of particle precipitation give infor-
mation about the mean background ionization in the 
D-region of ionosphere. However, PMSE show different 
characteristics at different frequencies, so in this article 
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the average electron density at altitude of 90 km is used 
as a proxy of particle precipitation to study its relation to 
PMSE observed at 224 MHz. This height is very close to 
the PMSE region, so a direct relationship may be found 
between particle precipitation and PMSE.

In this article, the relationship between the two phe-
nomena is analyzed based on the observations of PMSE 
in the presence of particle precipitation. Correlation 
coefficients are computed during simultaneous occur-
rence of the two phenomena for time intervals of various 
lengths (t ≥ 2.56  min). Moreover, the correlation coef-
ficients are computed by combining all the data points 
having simultaneously occurring PMSE and particle pre-
cipitation in each hour, each day, and finally for all the 
5-day campaign. The advantage of this study is that it will 
give us a deep insight into the relationship between the 
two phenomena by finding the correlation for short and 
longer time intervals. The goal of this article is to discuss 
the internal relationship between PMSE and energetic 
particle precipitation.

Radar and experiment description
The investigation of PMSE was carried out with the EIS-
CAT VHF radar located near Tromsø, Norway (69°35′N, 
19°14′E). This radar operates at frequency of 224  MHz 
with a maximum duty cycle and peak power of 12.5% 
and 1.6  MW, respectively. The geomagnetic inclination 
and invariant latitude are 77°30′N and 66°12′N, respec-
tively. It has a pulse length of 1 μs to 2 ms with frequency 
and phase modulation capability. The antenna used for 
transmission and reception is a parabolic cylinder con-
sisting of 4 quarters, constituting a total aperture of 
120  m × 40  m. During the PMSE measurements used 
here, EISCAT VHF radar ran an operating mode “manda 
CP-6.” CP-6 is designed for low-altitude studies, provid-
ing spectral measurements at mesospheric heights. The 
main technical details of the experiment mode are sum-
marized in Table 1.

Data analysis
The radar data of summer period, July 8–12, 2013, have 
been used because the seasonal variation of PMSE during 
this month is small in contrast to the continuous decrease 
in August and the steep increase during May (Hoffmann 
et  al. 1999). The EISCAT VHF radar was operated for 
approximately 111  h during the 5-day campaign. The 
details of all the 5-day campaign are given in Table 2.

To find the correlation between particle precipitation 
and PMSE intensity, a measurement of both must be 
defined. Because the PMSE occur in thin layers having 
thickness up to few kilometers, so the PMSE region in the 
altitude range of 80–90  km was first detected by using 
the threshold of electron density (Ne ≥ 4.6 × 1011  m−3) 

and then calculated the average of data points satis-
fying PMSE threshold. The presence of PMSE radar 
echoes were defined as the average electron density 
(Ne ≥ 4.6 × 1011  m−3). The electron density value used 
for PMSE is within the threshold range used by Hock-
ing and Röttger (1997). Since the range of electron den-
sity in the E-region (90–150 km) of ionosphere is about 
1010–1011 m−3, so the particle precipitations reaching at 
altitude of 90  km were detected using electron density 
(Ne ≥ 1011  m−3) and then calculated the average of data 
points satisfying the threshold defined for particle pre-
cipitation. The average electron density (Ne ≥ 1011  m−3) 
at altitude of 90 km was used as a proxy of high-energy 
particle precipitation.

The correlation coefficients have been calculated only 
for simultaneously occurring particle precipitation and 
PMSE intensity for time interval (t ≥ 2.56 min). Because 
the integration time of manda CP-6 is 4.8  s, so accord-
ing to the condition (t ≥ 2.56 min), the PMSE and parti-
cle precipitations are needed to be simultaneous for ≥ 32 
data points. As the PMSE are not continuous in time, so 
in any time interval, if there were less than 8 data points 
which do not satisfy the PMSE threshold defined in this 
study, then those data points were replaced by the average 
of Ne between 80 and 90 km without using any threshold. 
Similarly, if there were less than 8 data points which do 
not satisfy the threshold defined for particle precipita-
tion in this study, then those data points were replaced 
by the average of Ne at 90 km without using any thresh-
old. This is to keep the original electron density values at 
these corresponding times and does not affect the corre-
lation. However, if the discontinuity in the simultaneous 
occurrence of the two phenomena in any event was for 
≥ 8 data points, then those events were not considered in 
this study. The minimum numbers of 32 data points were 
used because the correlation coefficients computed for 
data points very small in numbers may be high but may 
not be statistically significant.

Table 1  Technical details of the experiment mode

Experiment modes Manda CP-6

Version 4.0

Raw data available Yes

Plasma line –

Integration time 4.8 s

Height range 20–195 km

Code Alternating, 61 bit, 128 subcycles

Baud length 2.4 μs

Sampling rate 1.2 μs

Subcycle length 1.5 ms

Duty cycle 0.098
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The data used in the article are shown in Fig.  1. It is 
clear from Fig.  1 that the altitude ranging from 80 to 
130  km is divided into two panels (a) and (b), repre-
senting the particle precipitation reaching to altitude of 
90  km and PMSE region, respectively. The purpose of 
dividing the figure into two panels is that the electron 
density representing the particle precipitation is  greater 
than that in the PMSE region, so if we plot the electron 
density as a single figure, then for the color bar limit of 
[9 14], the electron density representing particle precipi-
tation will be clearly visible, but the electron density in 
PMSE region will not be clear. However, for the color bar 
limit of [9 12], the electron density in PMSE region will 
be clearly visible; however, the electron density repre-
senting particle precipitation will be badly saturated.

The main focus of this study is the correlation between 
PMSE and particle precipitation during their simulta-
neous occurrence. From Fig.  1, it is clear that particle 
precipitation and PMSE do not continuously appear 
simultaneously. The percentage of simultaneous occur-
rence of PMSE and particle precipitation on July 08–12, 
given in Table  2, is 2.62, 0.70, 32.60, 27.24, and 3.50%, 
respectively. Based on the percentage of simultaneous 
occurrence of the two phenomena, more events have 
been observed on July 10 and 11. Because the percentage 
of simultaneous occurrence of the two phenomena on 
July 09 is very small, that is, for time interval of less than 
2.56  min, therefore, no correlation coefficient is com-
puted on July 09.

Methods
In this statistical study, the relationship between the vari-
ation in PMSE intensity and high-energy particle precipi-
tation has been estimated using two methods: Pearson 
linear correlation and the Spearman rank correlation 
(Wilks 1995). Pearson linear correlation coefficient is 
the ratio of the sample covariance of two variables to the 
product of their standard deviations, given by Eq. (1):

(1)rxy =
cov(X ,Y )

sxsy

There are two limitations of using this correlation: it 
is neither robust nor resistant. It is not robust because it 
only recognizes the linear relationship between the two 
variables and may not be able to recognize even strong 
nonlinear relationships. This correlation is not resistant 
because it can be affected by outliers. Indeed, a single 
outlier can result in a highly inaccurate summary of data. 
An alternate to the Pearson linear correlation is Spear-
man rank correlation. This robust and resistant correla-
tion can be calculated by using ranks of the data. This 
correlation recognizes the strength of the monotonic 
relationships and is not affected by outliers.

The statistical significance of all the correlation coef-
ficients has been tested by computing the F statis-
tics (p values). It is used to determine whether the null 
hypothesis (a general statement that there is no relation-
ship between the two measured phenomena) should be 
rejected or retained. If a p value is less than the signifi-
cance (alpha) level, the hypothesis test is statistically sig-
nificant, and the null hypothesis should be rejected. Thus, 
p value is a tool for deciding whether to reject or accept 
the null hypothesis.

There are different confidence levels (90, 95, and 99%) 
for testing the statistical significance of correlation coeffi-
cient. These confidence levels depend on the significance 
(alpha) level. The significance levels for the above-men-
tioned confidence levels are 0.1, 0.05, and 0.01, respec-
tively. We have retained only those Pearson linear and 
Spearman rank correlation coefficients which are statis-
tically significant with 95% confidence level, that is, for 
which the p values are less than the commonly used level 
of significance (α = 0.05).

We have also calculated the coefficient of determi-
nation (r2), which is equal to the square of correlation 
coefficient. It is more informative when interpreting 
the magnitude of the relation between two variables, 
regardless of directionality. It gives us the proportion 
of variance in the dependent variable predicted from 
the independent variables. Therefore, this is useful in 
explaining the percentage of variance in PMSE intensity 
due to high-energy particle precipitation.

Table 2  Details about PMSE and particle precipitation during 5-day campaign

Days in July PMSE (%) Precipitation (%) Simultaneous PMSE 
and precipitation (%)

No PMSE 
and no precipitation 
(%)

PMSE 
with no precipitation 
(%)

Precipitation 
with no PMSE (%)

8 30.78 3.52 2.62 68.31 28.17 0.90

9 26.09 1.62 0.70 73.00 25.39 0.91

10 73.77 34.95 32.60 23.88 41.17 2.35

11 62.91 36.91 27.24 27.42 35.67 9.67

12 17.39 22.81 3.50 63.31 13.89 19.30

08–12 43.71 17.86 13.06 51.49 30.65 4.80
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The strength of the correlation using the guide that 
Evans (1996) suggests for the absolute value of correla-
tion coefficient can be described as: [± .00 ± .19], [± .20 
± .39], [± .40 ± .59], [± .60 ± .79], and [± .80 ± 1.0], 
which represents the very weak, weak, moderate, strong, 
and very strong correlations, respectively. The percent-
ages of the coefficient of determination corresponding 
to the different ranges of correlation coefficients are as 
follows: [0 3.61], [4 15.21], [16 34.81], [36 62.41], and [64 
100%].

Results
The effect of energetic particle precipitation fluxes on 
PMSE will be discussed by using the observations of 
EISCAT VHF radar during the summer period July 
08–12, 2013. The investigation of the influence of high-
energy particle precipitation on PMSE intensity has 
been performed using the Pearson linear and Spearman 
rank correlation coefficients. The correlation coeffi-
cients are computed for time intervals of various lengths 
(t ≥ 2.56 min). Moreover, the correlation coefficients are 
computed by combining all the data points having simul-
taneous occurrence of PMSE and particle precipitation in 
each hour, each day, and finally all the 5-day campaign. 

The conclusion is based on the more robust Spearman 
rank correlation coefficients.

Correlation coefficients for time intervals of various 
lengths (t ≥ 2.56 min)
Figure  2 shows the correlation coefficients computed 
for time intervals of various lengths (t ≥ 2.56  min). The 
length of an event depends on the simultaneous occur-
rence of PMSE and particle precipitation. The length of 
the lines represents the time interval for which PMSE 
and particle precipitation occur simultaneously. Figure 2 
shows that there are, respectively, 36 and 35 events in all 
the 5-day campaign having statistically significant Pear-
son linear and Spearman rank correlation coefficients. It 
is also clear from this figure that there are, respectively, 
nine and eight events for which the Pearson linear and 
Spearman rank correlation coefficients have negative val-
ues, whereas 27 events have positive values for both Pear-
son linear and Spearman rank correlation coefficients.

Figure 3 shows the percentage of occurrence of differ-
ent ranges of Pearson linear and Spearman rank correla-
tion coefficients computed for different events in all the 
5-day campaign. 

Fig. 1  Calibrated electron densities for particle precipitation (a) and for a highly dynamic PMSE during particle precipitation (b)
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Figure  3a shows that the percentages of occurrence 
of weak and moderate negative Pearson linear correla-
tion coefficient are 19.44 and 5.56%, respectively. On the 
other hand, the percentages of occurrence of very strong, 
strong, moderate, weak, and very weak positive Pear-
son linear correlation coefficient are 2.78, 11.11, 33.33, 
22.22, and 5.56%, respectively. This means that there are 
75% events having positive values, whereas 25% of the 
events have negative values of Pearson linear correlation 
coefficients.

Figure 3b shows that the percentages of occurrence of 
weak and moderate negative Spearman rank correlation 
coefficient are 20 and 2.86%, respectively. The percent-
ages of occurrence of strong, moderate, weak, and very 
weak positive Spearman rank correlation coefficient are 
14.29, 34.29, 22.86, and 5.70%, respectively. This means 
that there are 77.14% events having positive values, 
whereas 22.86% of the events have negative values of 
Spearman rank correlation coefficients.

Correlation coefficients for all the combined data points 
having simultaneous occurrence of PMSE and particle 
precipitation in each hour
The correlation coefficients shown in Fig.  4 were com-
puted by combining all the data points in each hour 
having simultaneous occurrence of PMSE and particle 
precipitation for time interval (t ≥ 2.56  min). Figure  4 
shows that there are 23 events in all the 5-day campaign, 
having statistically significant Pearson linear and Spear-
man rank correlation coefficients. It is also clear from this 
figure that there are six events for which both the Pear-
son linear and Spearman rank correlation coefficients 
have negative values, whereas there are 17 events hav-
ing positive values for both Pearson linear and Spearman 
rank correlation coefficients.

Figure  5 shows the percentage of occurrence of dif-
ferent ranges of Pearson linear and Spearman rank cor-
relation coefficients computed by combining all the data 
points having simultaneous occurrence of PMSE and par-
ticle precipitation in each hour during a 5-day campaign.

Fig. 2  Pearson linear and Spearman rank correlation coefficient computed for time intervals of various lengths (t ≥ 2.56 min) having simultaneous 
PMSE and particle precipitation. For each correlation coefficient, P value is less than 0.05. The horizontal dotted line is drawn to separate positive 
and negative correlation coefficients
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Figure 5a shows that the percentages of occurrence of 
very weak, weak, and moderate negative Pearson linear 
correlation coefficient are 17.40, 4.35, and 4.35%, respec-
tively. The percentages of occurrence of strong, moderate, 
weak, and very weak positive Pearson linear correlation 
coefficient are 8.69, 8.69, 13.04, and 43.48%, respectively. 
This means that there are about 73.90% events having 
positive values, whereas about 26.10% events have nega-
tive values of Pearson linear correlation coefficients.

Figure  5b shows that the percentages of occurrence 
of very weak, weak, and moderate negative Spearman 
rank correlation coefficients are 13.08, 8.69, and 4.35%, 
respectively. The percentages of occurrence of strong, 
moderate, weak, and very weak positive Spearman rank 
correlation coefficients are 4.35, 17.39, 39.13, and 13.01%, 
respectively. This means that there are 73.88% events 
having positive values, whereas about 26.12% events have 
negative values of Spearman rank correlation coefficients.

Correlation coefficients for all the combined data points 
having simultaneous occurrence of PMSE and particle 
precipitation in each day
To further investigate the correlation between PMSE 
and particle precipitation, we have combined all the data 
points of each day having simultaneous occurrence of the 
two phenomena. Table  3 shows the correlation coeffi-
cients computed by combining all the data points having 
simultaneous occurrence PMSE and particle precipita-
tion for time interval (t ≥ 2.56 min) in each day.

The P value is used to decide whether to reject or 
accept the null hypothesis (a general statement that there 
is no relationship between the two measured phenom-
ena). The P value less than the significance level (α = 0.05) 
for any correlation coefficients can reject the null hypoth-
esis, and the correlation coefficients are considered sta-
tistically significant with 95% confidence level. From 
Table 3, it is clear that all the correlations except from the 
Pearson linear correlation coefficient on July 12 are sta-
tistically significant.

Fig. 3  Percentage of occurrence of different ranges of Pearson linear correlation coefficient (a) and Spearman rank correlation coefficient (b) for all 
events in 5-day campaign
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It can be seen from Table 3 that no correlation coeffi-
cient is computed on July 09 because the percentage of 
simultaneous occurrence of the two phenomena on this 
day, shown in Table 2, is only 0.70%, which is for a time 
interval less than 2.56 min. It is also clear from Table 3 
that the Pearson linear correlation coefficient has positive 
values on July 10 and 11, whereas a negative value on July 
08. The Pearson linear correlation coefficient on July 12 is 
not statistically significant, because it has P value greater 
than 0.05. The Spearman rank correlation coefficient also 
has positive values on both July 10 and 11, whereas a 
negative value on July 08 and 12. This apparently means 
that 67% of Pearson linear correlation and 50% of Spear-
man rank correlation coefficients have positive values, 
whereas 33% of Pearson linear correlation and 50% of 
Spearman rank correlation coefficient have negative val-
ues. However, from Table  2, we know that percentage 

of data points having simultaneous occurrence of PMSE 
and particle precipitation on July 08 and 12 is very small 
as compared with that on July 10 and 11. The total num-
ber of data points having simultaneous occurrence of 
PMSE and particle precipitations on July 08 and 12 is 420 
and 573, respectively, while on July 10 and 11, it is 5540 
and 4704, respectively. Observation time of each day is 
not the same because the VHF radar did not run continu-
ously and there had some breaks for short times on July 
08, 09, and 11. If the number of data points on July 08 and 
12 was similar with that on July 10 and 11, then the corre-
lation coefficients on July 08 and 12 may become negligi-
ble as compared to that on July 10 and 11. Therefore, we 
could say that the events having positive values are also 
dominant in case of correlation coefficient computed for 
all the combined data points having simultaneous occur-
rence of PMSE and particle precipitation in each day.

Fig. 4  Pearson linear and Spearman rank correlation coefficient computed for all data points combined having simultaneous occurrence of PMSE 
and precipitation in each hour. For each correlation coefficient, P value is less than 0.05. The horizontal dotted line is drawn to separate positive and 
negative correlation coefficients
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Correlation coefficients for all the combined data points 
having simultaneous occurrence of PMSE and particle 
precipitation in all 5 days
Finally, we computed the Pearson linear and Spearman 
rank correlation coefficient by combining all the data 
points in 5  days, having simultaneous occurrence of 

PMSE and particle precipitation. It is clear from Fig.  6 
that both the Pearson linear and Spearman rank cor-
relation coefficients have positive values. Although the 
correlation coefficients are weak, they are statistically sig-
nificant. Therefore, based on the more robust Spearman 
rank correlation coefficient computed for all the 5 days, 

Fig. 5  Percentage of occurrence of different ranges of Pearson linear correlation coefficient (a) and Spearman rank correlation coefficient 
(b) computed for all the combined data points in each hour having simultaneous PMSE and particle precipitation in 5-day campaign

Table 3  Correlation coefficients computed for  all the  combined data points having simultaneous occurrence of  PMSE 
and particle precipitation in each day

Days in July Pearson linear correlation coefficient Spearman rank correlation coefficient

8 − 0.24 − 0.29

(P = 0.00) (P = 0.00)

10 0.05 0.07

(P = 0.00) (P = 0.00)

11 0.24 0.34

(P = 0.00) (P = 0.00)

12 − 0.03 −0.17

(P = 0.44) (P = 0.00)
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we could say that particle precipitation might be one pos-
sible contributing component for PMSE creation.

Discussion
In this section, we will discuss the possible reasons for 
both the positive and negative correlation coefficients 
observed in this study.

Positive correlation between PMSE and particle 
precipitation
If electrons are necessary for PMSE creation, then the 
probability of PMSE observation during nighttime with-
out some extra source of ionization may become small 
when the normal D-region electron has recombined. 
Most of the nighttime PMSE observed by Poker Flat 
Incoherent Scatter Radar (PFISR) in 2007 were accom-
panied by the enhanced E-region ionization produced 
by energetic particle precipitation (Varney et  al. 2009). 
The observation made by National Institute of Infor-
mation and Communications Technology (NICT) Ray-
leigh lidar at Poker Flat on August 12, 2009, detected a 
mesospheric ice cloud between 01:07 and 02:03 Alaska 
Standard Time, but no signals were detected whatsoever 
in any look direction, including the common volume ver-
tical beam. The occurrence of this event takes place in 
darkness without energetic particle precipitation. Hence, 
the lack of free electrons could be considered as a trivial 
explanation for the absence of PMSE. The previous lidar 
observations of mesospheric ice clouds during nighttime 
in the absence of PMSE have been explained in exactly 

the same way (von Zahn and Bremer 1999). Based on 
the above observations, energetic particle precipitation 
seems to enhance PMSE at nighttime when solar ioniza-
tion is weaker.

It is well known from the particle events in the polar 
cap and auroral zone that there is an increase in electron 
density due to enhanced particle precipitation. Besides, 
there is a probability of temperature changes in meso- 
and lower thermosphere. However, it is not quite clear if 
the temperature always increases as expected from some 
observations (von Savigny et al. 2007) and model calcu-
lations (Roble et al. 1987; Barabash et al. 2004). Jackman 
et al. (2007) found that the temperature is decreasing in 
most cases of the investigated events. Singer et al. (2008) 
reported that the observations made with meteor radars 
in polar (Andenes, 69°N) and middle (Juliusruh, 54°N) 
latitudes also gave strong indications for such tempera-
ture decreases, which may have a dynamic cause. On the 
other hand, if temperature was increased because of par-
ticle precipitation, then the photo-dissociation of water 
vapor may destroy PMSE by compensating the increas-
ing electron density. Bremer et  al. (2006) observed an 
unusual low PMSE occurrence rate during the year 2002. 
The mesospheric temperature at polar latitude during 
this year was about 10 K higher than other years shown 
by meteor radar observations at Andenes (Singer et  al., 
2005).

The correlation coefficients for simultaneously occur-
ring PMSE and particle precipitation shown in Figs.  2, 
4, and Table  3 clearly show that the number of events 
having positive value is more than those having negative 

Fig. 6  Scatter plot of average Ne at altitude of 90 km (proxy of precipitation) versus average Ne in PMSE region (proxy of PMSE) for all data points 
combined having simultaneous occurrence of PMSE and particle precipitation during 08–12 July
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values. Moreover, Fig.  6 also shows a positive correla-
tion for large data set having simultaneous occurrence of 
PMSE and particle precipitation in all 5-day campaign. 
Based on these observations, it could be reasonable to 
suggest that particle precipitation responsible for ioniza-
tion in the ionosphere D-region might be one contribut-
ing reason for PMSE observed in this study.

Negative correlation between PMSE and particle 
precipitation
The extremely strong events of precipitating energetic 
particles cause the electron density to increase by several 
orders of magnitude. Therefore, following the theory of 
Cho et  al. (1992), it was assumed by Rapp et  al. (2002) 
that the PMSE should be weakened when the ratio of 
aerosols charge to electron number density becomes 
markedly smaller than one. Bremer et  al. (1995) found 
a negative correlation between PMSE at 224  MHz and 
geomagnetic activity. Bremer et al. (1995) explained that 
this negative correlation coefficient can be due to particle 
precipitation.

Because there will be smaller changes in the back-
ground in 1 h, the maximum electron density for differ-
ent events, having both positive and negative Spearman 
rank correlation coefficient in 1  h, was compared to 
investigate the effect of electron density on negative 
correlation between PMSE and particle precipitation. 
Table 4 clearly shows that the events having both positive 
and negative values of Spearman rank correlation coef-
ficients in 1  h are observed only on July 10 and 11. On 
July 08 and 12, there is no event having negative values of 
Spearman rank correlation coefficient (see second panel 
of Fig. 2). That is why, there are no events on July 08 and 

12 shown in Table  4. It is shown in Table  4 that during 
the same hour, maximum electron density for events hav-
ing negative correlation coefficient has higher values than 
those having positive correlation coefficient. Therefore, it 
might be reasonable for negative correlation coefficients 
observed for different events in 1  h that the maximum 
electron density during extremely strong precipitation 
could cause the weakening of PMSE intensity and hence 
the negative correlation. However, the background is 
changing for different hours and days, so for the negative 
correlation observed for the combined data points hav-
ing simultaneous PMSE and particle precipitation in each 
hours and each day shown in Fig. 4 and Table 3, respec-
tively, it could be reasonable to suggest that there might 
be some other factors causing the PMSE to weaken and 
hence the negative correlation coefficient. 

Summary and conclusion
In this article, the relation between PMSE and particle 
precipitation is analyzed during 5  days of observations 
with EISCAT VHF 224  MHz radar. The observations 
of PMSE in the absence of particle precipitation indi-
cate that particle precipitation is not a necessary condi-
tion for PMSE to exist. However, particle precipitation 
still affects PMSE when they both occur simultaneously. 
Here the relationship between precipitating particles 
reaching to altitude of 90  km and mesosphere summer 
echoes in polar latitudes, only during their simultane-
ous occurrence, is presented. For this investigation, we 
have compared the average electron density at 90  km 
(proxy of precipitation) and average electron density of 
PMSE region from 80 to 90  km. The correlation coeffi-
cients for simultaneous occurrence of particle precipi-
tation and PMSE intensity for time interval of various 
lengths (t ≥ 2.56 min), all the combined data points hav-
ing simultaneous occurrence of the two phenomena for 
(t ≥ 2.56  min) in each hour, each day, and all the 5-day 
campaign have been estimated using the Pearson linear 
and Spearman rank correlation. On the basis of more 
robust Spearman rank correlation coefficient, the main 
results regarding a possible correlation between parti-
cle precipitation and PMSE intensity are summarized as 
follows:

• • The percentages of events having positive and nega-
tive values of the correlation Spearman rank coeffi-
cients computed for simultaneously occurring PMSE 
and particle precipitation for time interval of various 
lengths (t ≥ 2.56  min) are 77.14 and 22.86%, respec-
tively.

• • The percentages of events having positive and nega-
tive values of the Spearman rank correlation coef-
ficients computed by combining all the data points 

Table 4  Comparison of  maximum Ne (m−3) for  events 
in  1  h, having positive and  negative Spearman rank 
correlation coefficient values

Days in July UT (h:min:s) Spearman 
rank 
correlation 
coefficient

Maximum Ne 
(m−3)

10 04:00:04–04:47:31 − 0.25 6.98 × 1011

04:50:00–04:53:31 0.49 2.88 × 1011

04:54:14–04:59:55 0.72 2.30 × 1011

05:00:04–05:02:38 0.35 2.14 × 1011

05:03:26–05:09:16 0.42 4.93 × 1011

05:10:33–05:25:36 − 0.31 5.43 × 1011

05:38:00–05:59:55 − 0.20 6.55 × 1011

06:31:07–06:40:00 − 0.21 4.02 × 1011

06:45:07–06:54:38 0.19 3.62 × 1011

11 08:09:16–08:15:31 0.52 1.65 × 1011

08:42:14–08:59:55 − 0.31 3.24 × 1011
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having simultaneously occurring PMSE and particle 
precipitation for (t ≥ 2.56 min) in each hour are 73.88 
and 26.12%, respectively.

• • The Spearman rank correlation coefficient computed 
by combining all the data points having simultane-
ously occurring PMSE and particle precipitation for 
(t ≥ 2.56 min) in each day also has dominant positive 
values.

• • The Spearman rank correlation coefficient computed 
by combining all the data points having simultane-
ously occurring PMSE and particle precipitation in 
all the 5-day campaign also has positive value.

• • During the simultaneous occurrence of PMSE and 
particle precipitation, the reason for both the posi-
tive and negative correlation coefficients might be 
the electron density variations due to the ionization 
caused by energetic particle precipitations. In par-
ticular, for the small percentage of negative correla-
tion coefficients, it could be reasonable to suggest 
that during very strong precipitation, the ratio of aer-
osols charge to electron density becomes very small 
which weaken the strength of PMSE and hence cause 
a negative correlation.
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