
Ullah et al. Earth, Planets and Space           (2019) 71:22  
https://doi.org/10.1186/s40623-019-1007-9

FULL PAPER

Statistical study of PMSE response to HF 
heating in two altitude regions
Safi Ullah1, Hailong Li1*, Abdur Rauf1, Lin Meng1, Bin Wang1 and Maoyan Wang2

Abstract 

Polar mesospheric summer echoes (PMSE) often show different layers. Artificial electron heating experiments are an 
important diagnostic tool to investigate the parameters in the PMSE regions. The response of PMSE to high frequency 
heating in the lower (80–85 km) and upper (85–90 km) PMSE layers is studied by analyzing PMSE observations carried 
out by the EISCAT VHF radar in July 2007. Different characteristics of modulated PMSE (e.g., PMSE intensity reduction, 
recovery, overshoot, ratios during the heating-on and heating-off times) are analyzed and compared at different situ-
ations such as only in one layer (lower or upper) and in both layers simultaneously without high-energy particle pre-
cipitation. Based on statistical results, it is found that in the lower layer all characteristics of modulated PMSE except 
PMSE recovery are greater than that in the upper layer. Electron temperature enhancement and PMSE modulation 
index due to ionospheric heating were calculated to show the enhanced electron temperature effect on PMSE. It is 
found that in both layers usually higher electron temperature enhancement corresponds to higher PMSE modulation 
index. However, the comparison of statistical results shows that in the lower layer electron temperature enhancement 
and PMSE modulation index are greater than that in the upper layer. Based on the relation of electron temperature 
enhancement to the PMSE modulation index, it is concluded that the variability of electron temperature enhance-
ment may be responsible for the variations in different modulated PMSE characteristics between the lower and upper 
layers.
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Introduction
At polar latitudes of earth’s mesosphere, there is  an 
intriguing observational radar phenomenon caused by 
the electron density irregularities due to electron charg-
ing on dust, called polar mesospheric summer echoes 
(PMSE) (Ecklund and Balsley 1981). PMSE has been 
observed by different radars having operating frequen-
cies in the range of 50-MHz to 1.3-GHz. The growth of 
water ice condensation on nuclei mostly meteoric parti-
cles produces noctilucent clouds (NLC). Many investiga-
tions show the dust layers (Berger and Von Zahn 2002) 
and their relation with PMSE (Eremenko et al. 2005). Dif-
ferent dust particle sizes make the difference in the vis-
ibility of NLC and PMSE (Eremenko et  al. 2005). More 

details of this process can be found in Rapp and Thomas 
(2006). NLC and PMSE are formed from submicron and 
nano-meter sized particles, respectively. The local plasma 
distribution is affected by electrons and ions attachment 
on dust particles (Rapp and Lübken 2003). For high dust 
density, a large number of electrons absorbed by the dust 
particles produce a local reduction in the electron density 
called bite-out (Havnes et al. 1996; Mitchell et al. 2001). 
Recently, a qualitative analysis method was presented 
for the analysis of dust distribution in the PMSE region 
(Ullah et  al. 2018). Mesospheric ice particle existence is 
strongly supported by the occurrence of electron bite-out 
(Friedrich et al. 2009).

Chilson et al. (2000) observed for the first time that the 
PMSE strength is reduced when the mesosphere is heated 
with radio waves. Rapp and Lübken (2000) explained that 
artificial electron heating enhances the electron tempera-
ture within the dust density profile. Belova et  al. (1995) 
showed theoretically that the electron temperature can 
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be enhanced a few thousand degrees Kelvin due to radio 
waves heating. Kassa et al. (2005) showed that when the 
radio wave is absorbed at an altitude lower than PMSE 
layers, then the temperature can be enhanced more 
than a thousand degrees Kelvin. Normally, the strength 
of PMSE after the heater is switched-on and switched-
off decreases and increases, respectively (Belova et  al. 
2003). The short switching-on and switching-off times 
(either 10 or 20  s) are not enough for the dust charges 
to relax back to their undisturbed state (Havnes 2004). 
During the heater-on period, the electron attachment on 
dust particles increases; consequently, the dust particles 
become more negatively charged (Kassa et al. 2005; Rout-
ledge et al. 2011). Recovery of PMSE during heating is the 
result of increased electron attachment on dust. After the 
heating is switched-off, the increased negative charges 
on dust increases the PMSE strength several times com-
pared to its strength before the heater was switched-on 
and is known as PMSE overshoot effect (Havnes 2004). 
This effect is the result of an extended heating-off period. 
Also, some research interests are diverted toward polar 
mesospheric winter echoes (PMWE) because artifi-
cial electron heating has the identical effect on polar 
mesospheric winter echoes (Belova et  al. 2008). For 
more details of heating effect on PMWE, see references 
(Havnes and Kassa 2009; Mahmoudian et al. 2016).

So far, VHF and UHF radars have been used along 
with EISCAT heating facility for the observations of the 
PMSE overshoot effect (Rietveld et al. 1993, 2016). It has 
since proved that the overshoot effect can be used as an 
effective diagnostic method (Biebricher et al. 2006). One 
of the noticeable unsolved issues is the charging process 
of dust in mesosphere. For analysis of the dust charg-
ing process, further improvement is required in the 
ground- and space-based experiments. For the study of 
dust charging process, the active ground-based heating 

experiments have great potential (Scales and Mahmou-
dian 2016). Theoretical studies include those of Bie-
bricher et al. (2006) and Havnes et al. (2004). Also, Scales 
and Chen presented a series of theoretical articles (Scales 
2004; Chen and Scales 2005). To use PMSE modifications 
through heating as a diagnostic tool, Havnes developed a 
theoretical model to explain the overshoot effect for VHF 
radar data (Havnes et al. 2003; Havnes 2004). For a range 
of radar frequencies and dust parameters, the original 
model does not perfectly predict the temporal evolution 
of modified PMSE because it neglects the finite diffusion 
time effect by using Boltzmann model for ions and elec-
trons. The assumption of near-instantaneous diffusion of 
ions and electrons holds among all the diagnostic meth-
ods with models proposed earlier except for 50 MHz and 
less frequencies (Chen and Scales 2005; Biebricher and 
Havnes 2012).

In this article, we analyze and compare for the first 
time the response of PMSE to HF heating at two differ-
ent PMSE altitudes (80–85 and 85–90 km) in the absence 
of high-energy particle precipitation. The main focus of 
the current work is to show how the PMSE is affected by 
artificial electron heating in the lower and upper layers. 
We focus on the similarities and differences of the dif-
ferent characteristics of modulated PMSE in the lower 
and upper layers which may give additional information 
about the PMSE formation.

Experimental details
The observations presented here were performed in 
July 2007 on the dates given in Table  1 with EISCAT 
VHF radar located at Tromsø site. A parabolic cylindri-
cal antenna having a total aperture of 4800 m2 was used 
for the transmission and reception. A detailed explana-
tion of EISCAT VHF radar can be found in the study of 
Baron (1986). EISCAT radar ran the experiment of mode 

Table 1 Heating cycles having PMSE with no particle precipitation in July 2007

Days Lower layer only (case 1) Upper layer only (case 2) Simultaneously both layers (case 3)

Lower layer of case 3 (case 
3a)

Upper layer 
of case 3 (case 
3b)

July 10 – 16 4 4

July 13 – 10 67 67

July 17 1 – – –

July 18 24 – – –

July 19 36 – – –

Total = 5 Total = 61 Total = 26 Total = 71 Total = 71

PMSE with particle precipitation (special case)

 Days Heating cycles in both layers

 July 12 13
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‘arc-dlayer-ht.’ This mode is a special version used for 
heating experiments, having 1.5  MW maximum peak 
power, 2 s time resolution and 0.3 km height resolution. It 
covers an altitude from 59.7 to 139.5 km with the antenna 
beam pointed vertically. Autocorrelation functions with 
127 lags at 1.562-ms resolution were computed by using 
this special version of heating experiment along with the 
heating facility of EISCAT Tromsø radar site (Rietveld 
et  al. 1993; Næsheim et  al. 2008). In July 2007 EISCAT 
heating campaign, the HF transmitter was operated at 
frequencies 5.423  MHz and 7.953  MHz. The maximum 
HF transmitter power is 1  MW with 12 transmitters at 
nominally 85  kW each (12 × 85 = 1020  kW = 1  MW). 
However, in July 2007 experiments the transmitter 
power was about 0.95 MW. This power multiplied by the 
antenna gain gives the effective radiated power (ERP). 
The antenna gain is independent of the transmitter fre-
quency for the VHF radar. Depending on the combina-
tion of transmitters, heater wave frequency and antenna 
array, an ERP of up to 1.2 GW can be achieved (Rietveld 
et  al. 1993; Chilson et  al. 2000). The ERP in July 2007 
heating campaign was 590 MW at 5.423 MHz and 1.1–
1.2 GW at 7.953 MHz. The HF transmitter was operated 
using X- or O-modes polarization in alternating mode. 
The duration of each mode was 30 min.

Data analysis
In the case of PMSE, the incoherent scatter measure-
ments with the EISCAT radars are normally analyzed 
in terms of apparent electron number density. How-
ever, in this study a well-documented software package, 
GUISDAP (Grand Unified Incoherent Scatter Design 
and Analysis Program), was used for the data analysis 
(Lehtinen and Huuskonen 1996). The term ‘apparent’ 
electron density is used to clarify the fact that the signal 
is not the result of real electron density rather it is due to 
coherent scatter of PMSE which is added to the incoher-
ent scatter. Such derived ‘apparent’ electron number den-
sities can be converted into volume reflectivities by using 
the well-known relation

where η is the volume reflectivity in  m−1, σ is half the 
scattering cross section of an electron and is equal to 
4.99 × 10−29 m2 and Ne is the ‘apparent’ electron number 
density in  m−3 (Röttger and La Hoz 1990). To minimize 
the effect of natural background variability of the iono-
sphere, all the VHF radar observations from six different 
days were divided into 1  h duration. Each data set was 
converted into volume reflectivity by using Eq. (1). Each 
hour contained 19 heating cycles, where the duration of 
each cycle was 3  min (90 data points). The heater was 

(1)η = σ × Ne

switched-on for 20 s (10 data points) and switched-off for 
160 s (80 data points).

First, the PMSE region in both the altitude ranges (80–
85 km and 85–90 km) was detected by using the thresh-
old, η ≥ 5 × 10−18 m−1. Second, at both the altitude ranges 
the average of those ‘data points’ was calculated which 
was satisfying the threshold η ≥ 5 × 10−18  m−1. In this 
study, the PMSE radar echoes for any heating cycle were 
considered to be present only if two consecutive data 
points (4 s) before the HF heater switched-on satisfy the 
threshold, η ≥ 5 × 10−18 m−1. For any heating cycle if this 
threshold was not satisfied, then the data of that corre-
sponding heating cycle were removed.

Furthermore, for any heating cycle the energetic 
particle precipitation was considered to be present 
only if at 91  km the two consecutive data points (4  s) 
before the heater switched-on satisfy the threshold, 
η ≥ 3.99 × 10−18  m−1. According to this condition, all 
those heating cycles having particle precipitation were 
also removed. In this study, only those heating cycles 
were considered where there was PMSE but no particle 
precipitation.

For each 1-hour data set after removing the two types 
of heating cycles (having precipitation and the one hav-
ing no PMSE), the parameters R0, R1, R2 and R3 (as shown 
in Fig. 1) were calculated for the remaining heating cycles 
to analyze the variations in the overshoot characteristic 
curve (OCC) in the lower and upper layers. Each of these 
parameters comes from 2 s of data corresponding to dif-
ferent positions in OCC. For example, R0 corresponds to 
PMSE intensity just before the heater is switched-on, R1 
just after the heater has been switched-on, R2 just before 
the heater is switched-off, and R3 corresponds to PMSE 
intensity just after the heater has been switched-off again.

Fig. 1 An example of PMSE overshoot characteristic curve (OCC) 
for VHF radar on July 13, 2007, showing the backscatter sampling 
intervals R0, R1, R2 and R3. The heater was switched-on at 11 h 30 min 
UT and switched-off at 11 h 30 min 20 s UT. The heater-on time is 
shown between the vertical dashed lines
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Results
Significant information can be obtained on the PMSE 
dusty plasma state by analyzing the shape of OCC dur-
ing an overshoot heating cycle. A typical form of an 
observed OCC for a heating cycle of 20  s on and 160  s 
off is shown in Fig. 1. As the heating starts at 11:30 UT, 
the PMSE intensity immediately decreases to well below 
that of unaffected intensity level, followed by some recov-
ery during the 20 s heater-on period. When the heating 
stops at 11:30:20 UT, then the PMSE intensity increases 
abruptly above the unaffected intensity level. For the rest 
of time, the PMSE intensity then gradually recovers to the 
equilibrium state (unaffected state, before 11:30 UT). Fig-
ure 2 shows an example of clear PMSE layers and heating 
effect. One PMSE layer from 81 to 85 km and second one 
from 85 to 88 km are obvious. In some heating cycles, the 
disappearance of PMSE when the heater is switched-on 
shows clear PMSE modulation. However, in other cycles 
the distinction of PMSE modulation is not so obvious.

The overshoot characteristic curve will change because 
of the different physical conditions of the PMSE within 
the different radar sampling volumes (Havnes et al. 2006). 
This should show a way that the PMSE dusty plasma 
conditions can be diagnosed by using PMSE overshoot 
as predicted and modeled earlier (Havnes 2004; Havnes 
et  al. 2004). The ratios of different PMSE parameters 
(R0, R1, R2 and R3) give different PMSE characteristics. 
In this section, we analyze the different characteristics 
of PMSE in the lower and upper layers. The quantita-
tive comparison of the strength of different PMSE char-
acteristics between lower and upper layers is beyond the 
scope of this paper. This study only analyses the differ-
ent PMSE characteristics macroscopically (in the case of 

percentage) in order to show that whether there are sig-
nificant differences between how the PMSE reacts to the 
HF heater in the two height regions.

We analyzed the whole EISCAT heating campaign in 
July 2007. Table 1 shows the selected heating cycles hav-
ing PMSE for different cases in July 2007. Cases 1 and 2 
correspond to the heating cycles when PMSE were pre-
sent only in the lower and upper layers, respectively. Case 
3 corresponds to the heating cycles when PMSE were 
present simultaneously in both layers. In case 3, there are 
71 heating cycles where PMSE occur in the lower layer 
(case 3a), and also occur for the corresponding time in 
the upper layer (case 3b). Therefore, the result of case 3 
is shown in two parts. Figures 5 and 9 show the result of 
case 3a, and Figs. 6 and 10 show the result of case 3b.

Reduction in PMSE intensity (R1 < R0)
The first panel of Figs.  3, 4, 5 and 6 shows the ratio of 
PMSE intensity just after the heater switched-on to 
PMSE intensity just before the heater was switched-on 
(R1/R0). It is clear from Figs. 3, 4, 5 and 6 that for most 
of the heating cycles, the immediate reaction of PMSE 
to the heater being switched-on shows the decrease in 
PMSE intensity (R1 < R0). From Figs.  3, 4, 5 and 6, it is 
clear that there are greater percentage (100%) of heating 
cycles where R1 < R0 for case 1 as compared to all other 
cases.

PMSE recovery (R2 > R0)
Panel 2 in Figs.  3, 4, 5 and 6 shows the ratio of PMSE 
intensity just before the heater switched-off to PMSE 
intensity just before the heater was switched-on (R2/R0). 
The ratio R2 > R0 is defined as PMSE recovery (Havnes 

Fig. 2 An example of heater induced PMSE modulation and layers on July 13, 2007, observed by the EISCAT VHF radar. The heater-on time is shown 
by the green rectangles at the bottom. The HF transmitter was operated with X-mode for the first 30 min (11:00–11:30 UT) and with O-mode for the 
last 30 min (11:30–12:00 UT). At both modes, the frequency of transmitter was 5.423 MHz
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et al. 2015). In panel 1 of Figs. 3, 4, 5 and 6, it is seen that 
most of the heating cycles first show decrease in PMSE 
intensity; however, for all cases in panel 2 there are some 
cycles which show clear PMSE recovery (R2 > R0). It is 
clear from Figs.  3, 4, 5 and 6 that case 2 shows greater 
percentage (34.6%) of heating cycles having PMSE recov-
ery as compared to all other cases. On the other hand, 
panel 2 in all cases also indicates that in most of the heat-
ing cycles, the recovery (R2 > R0) is very low or completely 
not present therefore in all those cycles R2 < R0.

PMSE overshoot (R3 > R0)
Panel 3 in Figs.  3, 4, 5 and 6 shows the ratio of PMSE 
intensity just after the heater has been switched-off to 
PMSE intensity just before the heater was switched-
on (R3/R0). Normally, the PMSE overshoot is defined as 
R3 > R0 (Havnes et  al. 2015). It is clear from Figs. 3, 4, 5 
and 6 that there are sufficient numbers of cycles having 
PMSE overshoot (R3 > R0). It is also clear from Figs. 3, 4, 
5 and 6 that for case 1 there are 78.7% of cycles having 
PMSE overshoot (R3 > R0) which is marginally greater 
than case 2 (77%), and greater than cases 3a (43.6%) and 
3b (62%). On the other hand, in case 3a (Fig. 5) there is a 

significant number of heating cycles where overshoot is 
not present. Such heating cycles clearly show R3 < R0.

Ratio of PMSE intensity during the heater‑on time (R2 > R1)
Panel 4 in Figs.  3, 4, 5 and 6 shows the ratio of PMSE 
intensity during the heater-on period (R2/R1). It is obvi-
ous that in all cases, significant numbers of heating cycles 
show R2 > R1. On the other hand, in all cases there are few 
cycles which clearly show R2 < R1. Comparing panel 4 in 
Figs. 3, 4, 5 and 6, it is clear that in case 1 a greater num-
ber of cycles (73.7%) show R2 > R1 as compared to cases 2 
(69.2%), 3a (45%) and 3b (67.6%).

Ratio of PMSE intensity at the heating‑off time (R3 > R2)
Panel 5 in Figs. 3, 4, 5 and 6 shows that in all cases at the 
heating-off time, the PMSE intensity rapidly increases 
so that R3 > R2. For cases 1 and 2, the increase in PMSE 
intensity (R3 > R2) dominates. R3/R2 > 1 for 100% of heat-
ing cycles in case 1 and for 96.1% of heating cycles in case 
2. From Figs. 5 and 6, it is clear that in cases 3a and 3b 
there are 93% of heating cycles where R3 > R2. In all cases, 
no heating cycle clearly shows R3 < R2.

Fig. 3 The distributions of ratios of different parameters R0, R1, R2 and R3 for case 1 of Table 1. In each panel, the horizontal dashed-dotted line 
indicates when the ratio is equal to 1. The asterisks represent the measurements at transmitter frequency 5.423 MHz, whereas the circles represent 
the measurements at 7.953 MHz. The vertical dash line is used to separate the measurements of X- and O-modes polarization
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PMSE modulation index and enhanced electron 
temperature
The ratio of modulated PMSE (affected from heating) to 
un-modulated PMSE (unheated PMSE) is called PMSE 
modulation index (MI). PMSE modulation index is used 
to show that due to HF heating, how much the modulated 
PMSE varies around its un-modulated PMSE level. The 
PMSE modulation index (MI) represented in percentage is 
given as,

Here, R̄0 is the mean of 10 data points (20 s) before the 
heater is switched-on, while R̄1 is the mean of 10 data 
points (20 s) after the heater has been switched-on.

To estimate the electron temperature in mesosphere, 
we apply the Kassa et al. (2005) heating model to investi-
gate the relation between enhanced electron temperature 
and PMSE modulation index. For approximately 95% of 
PMSE, radars do not detect any local reduction of elec-
trons (bite-out). Therefore, to estimate enhanced elec-
tron temperature we only use equation (15) of Kassa et al. 
(2005)

(2)MI (%) =

(

R̄0 − R̄1

R̄0

)

× 100

where Te and Ti represent the enhanced electron tem-
perature and background ion temperature, respectively. 
According to Kassa et al. (2005), visibly the temperatures 
of neutral and ion are unaffected by heating and equal to 
150 K. Therefore, in Eq. (3) Ti= Tneutral = 150 K was used 
for both layers assuming that the temperatures of ion and 
neutral are not affected by the heater wave. R0 and R1 are 
already defined in the data analysis.

Enhanced electron temperature in lower and upper layers
Figures 7, 8, 9 and 10 show the enhanced electron tem-
perature and PMSE modulation index for corresponding 
heating cycles of Figs. 3, 4, 5 and 6, respectively. Panel 1 
of Figs.  7, 8, 9 and 10 shows that for most of the heat-
ing cycles, electron temperature is greater than 150  K. 
This indicates that due to ionospheric heating for most of 
the heating cycles, electron temperature increases from 
its background neutral or ion temperature (150 K). Fur-
thermore, for the majority of heating cycles the enhanced 

(3)Te ≈ Ti

(

2−
√
R1/R0√

R1/R0

)

Fig. 4 As for Fig. 3 but for case 2. In this case, the HF transmitter was operated with one frequency 5.423 MHz
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electron temperature varies between 150 and 500  K. 
From panel 1 of Figs.  7, 8, 9 and 10, it is clear that for 
cases 1, 2, 3a and 3b the percentage of heating cycles hav-
ing enhanced electron temperature > 500 K is 31%, 7.6%, 
25.3% and 24%, respectively.

PMSE modulation index in lower and upper layers
Panel 2 of Figs. 7, 8, 9 and 10 shows that for cases 1, 2, 
3a and 3b, the percentage of heating cycles having PMSE 
modulation index > 50% is 68.8%, 38.5%, 93% and 76%, 
respectively. This indicates that in all cases, there are sig-
nificant numbers of cycles where PMSE was modulated 
due to artificial electron heating to 50% of its unheated 
state, i.e., (R0 − R1) = (50%)R0.

Discussion
In the previous section, the statistical results of modu-
lated PMSE have been presented under the condition 
without high-energy particle precipitation. Now, here we 
will discuss the results of the different modulated PMSE 
characteristics and enhanced electron temperature 

relations with PMSE modulation index between the 
lower and upper PMSE layers.

Different characteristics of modulated PMSE
The OCC of VHF (224  MHz) and UHF (930  MHz) 
radars generally shows the ‘classical drop in PMSE 
intensity’ (Havnes et  al. 2004; Næsheim et  al. 2008) 
where usually the PMSE intensity decreases when the 
heater is switched-on, i.e., R1 < R0 (Chilson et al. 2000). 
Before the heater is switched-on, the plasma densities 
and dust charges are in equilibrium at temperature 
of 150  K. Electron temperature increases rapidly just 
after the heater is switched-on. This increase in elec-
tron temperature smooths the electron density profile 
and hence decreases the PMSE intensity. The magni-
tude of ‘PMSE intensity decrease’ is therefore mainly 
determined by the increase in the electron temperature 
(Havnes et al. 2003). Chilson et al. (2000) first observed 
the drop in PMSE intensity (R1 < R0) at VHF and later 
Næsheim et al. (2008) at UHF. Chen and Scales (2005) 
show that the PMSE intensity decreases when the 

Fig. 5 As for Fig. 3 but for case 3a. In this case, the HF transmitter was operated with one frequency 5.423 MHz
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Fig. 6 As for Fig. 3 but for case 3b. In this case, the HF transmitter was operated with one frequency 5.423 MHz

Fig. 7 Panels 1 and 2 show the enhanced electron temperature (Te) and PMSE modulation index (MI), respectively, for corresponding heating 
cycles of case 1. The percentage shown in panel 1 corresponds to number of cycles where Te > 500 K, while in panel 2 corresponds to number of 
cycles where PMSE modulation index, MI > 50%. The asterisks represent the measurements at transmitter frequency 5.423 MHz, whereas the circles 
represent the measurements at 7.953 MHz. The vertical dash line is used to separate the measurements of X- and O-modes polarization
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gradient in electron density decreases due to small 
plasma adjustment time (diffusion time).

On the other hand, in panel 1 of Figs.  3, 4, 5 and 6 a 
few cycles also show R1 > R0. From panel 1 of Figs.  3, 4, 
5 and 6, it is clear that case 2 (Fig.  4) shows compara-
tively greater percentage (7.6%) of R1 > R0 as compared 
to other cases. In these few cycles, R1 > R0 may be due to 

the effect of noise. This behavior (R1 > R0) is opposite to 
the PMSE intensity drop (R1 < R0). However, Senior et al. 
(2014) experimentally showed an example of this oppo-
site behavior and Scales (2004) also predicted R1 > R0 for 
low-frequency (longer wavelength) radars. Havnes et  al. 
(2015) also showed that at low frequency (56  MHz), a 

Fig. 8 As for Fig. 7 but for case 2. In this case, the HF transmitter was operated with one frequency 5.423 MHz

Fig. 9 As for Fig. 7 but for case 3a. In this case, the HF transmitter was operated with one frequency 5.423 MHz
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significant number of cases experience R1 > R0, whereas 
for high frequency (224 MHz) this is rare.

During the heater-on period, the PMSE recovery due 
to additional charging depends mainly on the density and 
size of the dust particles in mesosphere. Usually, R2 < R0 
but in case of PMSE recovery R2 > R0 is observed (Havnes 
et al. 2015). When the heater is switched-off, the recovery 
may smooth out or even decreases. The PMSE recovery 
during the heating-on period is the consequence of the 
larger dust size, smaller dust charging time and longer 
plasma adjustment time of the dust density structures 
(Scales 2004; Biebricher and Havnes 2012).

When the dust density is relatively low, then the dust 
size has a significant effect on the dust charging time. 
For decreasing size of dust radius, the dust charging time 
becomes greater than the plasma adjustment time which 
gives rise to the PMSE overshoot effect (Scales 2004; 
Chen and Scales 2005). For the ratio R2 > R1 so far, no 
model calculation has been made.

The rapid increase in PMSE intensity (R3 > R2) is 
expected from the first observations and models of over-
shoot effect (Havnes et al. 2003). For a significant number 
of cases, R3 < R2 was found by Havnes et al. (2015) for the 
MORRO 56  MHz radar, but for VHF observations only 
few cases were found with R3 < R2. The opposite behav-
ior of R3 > R2 (R3 < R2) has been found in the model study 
presented by Biebricher and Havnes (2012) for frequency 
smaller than that of 56 MHz radar. The reason for R3 > R2 
after the heater is switched-off is again the smaller dust 
charging time than that of the plasma adjustment time 
(Havnes et al. 2015).

As the edge of PMSE horizontally shifts ∼ 2.5 km due 
to a drift of ∼ 50 m/s (Havnes et al. 2015), however, we do 
not expect any effect on the results shown in Figs. 3, 4, 5 
and 6 due to a drift of PMSE/NLC clouds because of the 
small observing time between the parameters (R0, R1, R2, 
and R3).

Several differences in the different PMSE character-
istics (PMSE intensity reduction, recovery, overshoot, 
R2 > R1, and R3 > R2) between lower and upper PMSE lay-
ers can be attributed to the differences in neutral density 
and electron heating. Heating effect in the PMSE region 
primarily depends on electron content below the PMSE 
layer. In the lower layer, the charge adjustment due to 
higher electron temperature during the heater-on period 
is more rapid than that in the upper layer. On the other 
hand, in the upper layer due to low density of neutral 
gas, normally the ion and electron ambipolar diffusion is 
more rapid than that in the lower layer. In this way, the 
charge adjustment dominates in the lower layer while 
plasma adjustment in the upper layer of PMSE. Moreo-
ver, the heating effect in the PMSE region also has com-
bined and complicated dependencies on electron density, 
dust sizes and density (Havnes 2004; Biebricher et  al. 
2006; Scales 2004; Biebricher and Havnes 2012; Scales 
and Chen 2008).

Case 1 (Figs.  3, 7) shows the effect of HF transmitter 
frequency on PMSE heating effect. Because only case 1 
has measurements at two different transmitter frequen-
cies (5.423 MHz and 7.953 MHz). In panels 1–5 of Fig. 3 
at O-mode, the PMSE characteristics show no great 
difference at frequencies 5.423  MHz and 7.953  MHz. 

Fig. 10 As for Fig. 7 but for case 3b. In this case, the HF transmitter was operated with one frequency 5.423 MHz
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However, at X-mode at high frequency (7.953 MHz) the 
PMSE characteristics are comparatively greater than that 
at low frequency (5.423 MHz). On the other hand, panels 
1 and 2 of Fig.  7 indicate that at X-mode the enhanced 
electron temperature and PMSE modulation index show 
no great difference at two frequencies. However, at 
O-mode the enhanced electron temperature at high fre-
quency (7.953 MHz) is comparatively greater than that at 
low frequency (5.423 MHz).

Heating effect in the presence of particle precipitation 
(one special case)
In heating experiments, the ionization of the middle 
atmosphere is very important. Large ionization due to 
large particle fluxes lead to high electron density, con-
sequently most of the heater wave is absorbed and less 
amount of heater wave reached the upper PMSE layers 
(Biebricher et al. 2006). A special case in Table 1 corre-
sponds to the heating cycles when PMSE and precipita-
tion occur simultaneously. In Fig. 11, the precipitation for 

Fig. 11 An example of VHF PMSE observations in the presence of particle precipitation. The vertical green bars indicate the heater-on period

Fig. 12 UHF radar observations for the corresponding VHF radar observation (8–9 UT) of Fig. 11
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cycles corresponds to time 08:15–08:30 UT and 08:50–
09:00 UT seems strange and reaching in PMSE region, 
i.e., below 90 km. From strange, we mean that these data 
points satisfied the threshold of PMSE used in this paper. 
On the other hand, such data points extended above 
90 km, while it is well known that PMSE range region is 
from 80 to 90  km. Therefore, to explain the VHF radar 
observations at these specific heating cycles, we used the 
observation carried out by UHF radar at the same site 
and time as that of VHF radar. Figure 12 shows clear pre-
cipitation with no PMSE at UHF radar. Based on UHF 
radar observation of Fig. 12, we conclude that the strange 
VHF observations at time 08:15–08:30 UT and 08:50–
09:00 UT are not PMSE rather they are precipitation. 

The strange VHF observation in Fig. 11 is almost cer-
tainly an artifact in the data as a result of range side lobes. 
The PMSE at 85 km is very strong here such that range 
side lobe suppression was not perfect, perhaps through 
the receiver being overloaded. The 64 × 2 μs pulse length 
used corresponds to 19.2  km range extent so that a 
strong signal at 85 km may have some residual effect on 
the data up to 85 + 19.2 = 104.2 km which corresponds to 
the ‘strange’ observations.

In Fig. 13, only those heating cycles of Fig. 11 are shown 
where PMSE is present in the presence of particle precip-
itation. In both layers, only the ratio of PMSE intensity 

just after the heater switched-on to PMSE intensity just 
before the heater was switched-on (R1/R0) is shown. It is 
clear that in both layers, there are no clear variations in 
the ratio R1/R0 as compared to the variations shown in 
Figs. 3, 4, 5 and 6. This indicates that PMSE modulation 
becomes less in the presence of particle precipitation.

Relation of enhanced electron temperature with PMSE 
modulation index
Models have been used to evaluate the role of dusty 
plasma parameters during the HF heating experiments 
(Havnes 2004; Chen and Scales 2005). Enhanced electron 
temperature is one of the important physical parameters 
accounting for the weakening and strengthening of the 
mesospheric echoes. In the current article, the electron 
temperature in the mesosphere was estimated by using 
the Kassa et al. (2005) heating model. For PMSE modu-
lation index, we have used the same length of data as 
in Routledge et  al. (2011), i.e., mean of 10 data points 
before the heater-on and mean of 10 data points after 
the heater-on, while for the estimated electron temper-
ature as in Kassa et  al. (2005), i.e., 1 data point before 
and 1 data point after the heater-on. The difference is 
that we have used volume reflectivity instead of PMSE 

Fig. 13 Comparison of ratio R1/R0 in lower and upper layers for those heating cycles of Fig. 11 where precipitation and PMSE occur simultaneously. 
The vertical dash line is used to separate the measurements of X- and O-modes polarization. In this case, the HF transmitter frequency was 
5.423 MHz
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power. The Kassa et  al. (2005) estimated electron tem-
perature is lower than the modeled electron temperature 
of Routledge et  al. (2011). For 50% PMSE modulation 
Routledge et al. (2011) and Kassa et al. (2005) require an 
electron temperature enhancement of 1500–2000 K and 
90–100  K, respectively. In this study, all those heating 
cycles with PMSE modulation index ≥ 50% have corre-
sponding enhanced electron temperature > 160 K.

Our results show that in the lower PMSE layer, a 
greater number of heating cycles correspond to greater 
enhanced electron temperature and PMSE modulation 
than that in the upper layer. For example, comparison 
of cases 1 and 2 shows that in the lower layer (Fig.  7) 
greater number of cycles (31%) shows Te > 500  K, 
whereas in the corresponding upper layer (Fig. 8) 7.6% 
of cycles show Te > 500 K. Similarly, in the lower layer 
(Fig.  7) there are greater number of cycles (68.8%) 
where MI > 50%, whereas in the corresponding upper 
layer (Fig.  8) for 38.5% of heating cycles MI > 50%. 
Furthermore, in lower layer shown in Fig.  9 (case 3a) 
the percentage of heating cycles having Te > 500 K and 
MI > 50% is 25.3% and 93%, respectively, whereas in the 
corresponding upper layer shown in Fig.  10 (case 3b) 
the percentage of heating cycles having Te > 500 K and 
MI> 50% is 24% and 76%, respectively.

Conclusions
In this article, the PMSE observations carried out by 
EISCAT VHF radar in July 2007 in the absence of high-
energy particle precipitation have been analyzed. The 
response of PMSE to HF heating in the lower and upper 
PMSE layers is studied. Different modulated PMSE 
characteristics (e.g., PMSE intensity reduction, recov-
ery, overshoot, ratios during the heating-on and heat-
ing-off times) are analyzed and compared between the 
lower and upper layers. Based on statistical results, it is 
found that there is a relatively strong tendency that all 
these characteristics of modulated PMSE except PMSE 
recovery are greater in lower layer as compared to 
upper layer. The effect of enhanced electron tempera-
ture on PMSE is analyzed in terms of PMSE modulation 
index. From statistical results, it is found that in both 
layers usually higher enhanced electron temperature 
corresponds to higher PMSE modulation. Furthermore, 
in the lower layer enhanced electron temperature and 
PMSE modulation index are greater than that in the 
upper layer. Within PMSE layers, the variability of elec-
tron temperature enhancement may be responsible for 
the variations in the modulated PMSE characteristics 
between the lower and upper layers.
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