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Abstract The Polar Summer Mesosphere has the lowest temperatures that occur in the entire Earth
system. Water ice particles below the optically observable size range participate there in the formation of
strong radar echoes (Polar Mesospheric Summer Echoes, PMSE). To study PMSE we carried out observations
with the European Incoherent Scatter (EISCAT) VHF and EISCAT UHF radar simultaneously from a site
near Tromsø (69.58°N, 19.2272°E) and observed VHF backscattering also with the EISCAT receivers in
Kiruna (67.86°N, 20.44°E) and Sodankylä (67.36°N, 26.63°E). This is one of the first tristatic measurements with
EISCAT VHF, and we therefore describe the observations and geometry in detail. We present observations
made on 26 June 2013 from 7:00 to 13:00 h UT where we found similar PMSE patterns with all three VHF
receivers and found signs of wind shear in PMSE. The observations suggest that the PMSE contains sublayers
that move in different directions horizontally, and this points to Kelvin-Helmholtz instability possibly playing
a role in PMSE formation. We find no signs of PMSE in the UHF data. The electron densities that we derive
from observed incoherent scatter at UHF are at PMSE altitudes close to the noise level but possibly indicate
reduced electron densities directly above the PMSE.

1. Introduction

Polar Mesospheric Summer Echoes (PMSE) are strong radar echoes caused by spatial variations in the plasma
refractive index at around the 80 to 90 km altitude in the Earth’s mesosphere [Cho and Röttger, 1997; Chilson
et al., 2000; Rapp and Lübken, 2004; La Hoz et al., 2006]. PMSE arise in the presence of ice particles that carry an
electric surface charge. They formwhen the temperature reaches its global minimum close to the mesopause
during polar summer and occur in both hemispheres [see e.g., Morris et al., 2007]. The water condenses onto
nanometer-sized dust. The ice particles form polar mesospheric clouds (PMC) which can be observed from
satellites [Hervig et al., 2013]. Under certain conditions they are also visible from the ground in noctilucent
clouds (NLC). Furthermore, rocket measurements prove that charged particles exist at the altitudes of PMC
and NLC [Havnes et al., 1996]. The dust/ice particles influence atmospheric chemistry [cf. Plane et al., 2015].
In particular, the dust charges are an important parameter because they influence ice condensation
[Megner and Gumbel, 2009] and chemical processes [Baumann et al., 2015]. The charged ice particles that
are below the optically observable size range are still observable through PMSE.

A possible variation in the abundance of ice particles and links to anthropogenic atmospheric changes are
controversially discussed based on NLC observations that span over more than a century [Thomas et al.,
1989; Gadsken, 1990; Thomas, 2003; von Zahn, 2003]. Recent studies based on different observational results
suggest a long-term increase of the mesospheric ice particles at high latitude [DeLand and Thomas, 2015]
but an absence of statistically significant trends during the last 50 years at midlatitude [Pertsev et al., 2014].
PMSE can be observed independently from weather conditions and provide information on the occurrence
of ice particles that influence atmospheric chemistry, as well as on neutral dynamics. The atmosphere at
PMSE altitude is influenced by solar radiative forcing from above and gravity waves from below, and while
ionization is small, it is highly variable due to a number of different processes. Because PMSE are among the
few examples of dusty plasma observed in nature [cf. Mendis and Rosenberg, 1994], the process of radio
wave scattering that generates the PMSE is of interest for dusty plasma research. It is also of interest for
observational studies because it also involves charged ice particles at the first stage of formation below
the size of the optically observed particles [cf. Rapp and Lübken, 2009; Varney et al., 2011]. All this makes
PMSE an interesting object of observations, but to make full use of the observations improved understand-
ing of PMSE is needed.
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PMSE form because spatial irregularities in electron density cause enhanced scattering of radio waves, and
the formation process involves neutral air turbulence and charged ice particles. Many initial theories regard-
ing the formation of the scattering are based on applying a multipolar diffusion theory [Hill, 1978] to a system
of electrons, positive ions, and charged aerosol/ice particles as first developed by Cho et al. [1992]. The pre-
sently widely accepted view is that neutral air turbulence in combination with reduced electron diffusivity is
responsible for PMSE formation and charged heavy ice particles controlled by neutral air reduce the mobility
of the free electrons that scatter the radio waves [Rapp and Lübken, 2004]. A straightforward quantitative
description of the links between the parameters involved is, however, missing [cf. e.g., Rapp and Lübken,
2004; La Hoz et al., 2006, and references therein]. Furthermore, there are indications that different PMSE pro-
cesses exist, as, e.g., rocket observations have shown that turbulence was absent in 7 out of 10 observed
PMSE layers [Lübken et al., 2002].

In view of the large number of unknowns, any new observation and novel approaches are of interest. We here
present one of the first tristatic PMSE observations where the radio waves were transmitted vertically and
PMSE were observed from the transmit antenna as well as two distant receiver antennas, that is, were
observed vertically and at slant view. We first describe in detail the observation geometry and analysis in
section 2 because we are not aware of any previous presentations of this. We then present the observational
results in section 3 and describe the horizontal motion that we find in the PMSE. In section 4 we discuss the
observational results and suggest that they indicate that possibly Kelvin-Helmholtz instability plays a role in
the PMSE formation. We also show that for the atmospheric parameters at the time of the observations it is
possible that Kelvin-Helmholtz instability occurs. Because this is of interest for the planning of future obser-
vation campaigns we also discuss the results of measured incoherent scatter observations although they are
close to detection limit. We end the paper with a remark on future observations (section 5) where we point
out the improvement in measurement capabilities that will be achieved with future multistatic phased-array
radar studies of PMSE.

2. Observation and Analysis

The observations were made on 26 June 2013 from 7:00 to 13:00 h UT. The radar signal was transmitted in
zenith direction with the European Incoherent Scatter (EISCAT) VHF (224MHz) and UHF (929MHz) antennas
near Tromsø (69.59°N, 19.23°E), and the backscattered signal was measured with the same antennas, which
is the routine configuration for PMSE observations. In addition, the EISCAT VHF remote receiver antennas
were pointed toward Tromsø so that their sight lines crossed the illuminating beam at the altitude where
PMSE occur. The remote receivers in this tristatic configuration are located in Kiruna (67.86°N, 20.44°E) and
Sodankylä (67.36°N, 26.63°E) at a distance 199 km and 391 km from the transmit antenna, respectively. The
radar code used was Manda, and references to EISCAT documentation and radar system parameters are
given in Table 1. The sight lines of the remote receiver antennas subsequently pointed at heights, HP (refer-
ence heights), of 86, 90, 94, 82, 86, and 84 km above the Tromsø site (in this sequence). The antenna eleva-
tions that correspond to those reference heights are listed in Table 2.

Table 1. Radar System Parameters

Tromsø VHF Kiruna VHF Sodankylä VHF Tromsø UHF

Transmit/Receive Receive Receive Transmit/Receive
Frequency 224.4MHz 224.4MHz 224.4 MHz 929.9MHz
Wavelength 1.34m 1.34m 1.34m 0.32m
Transmitter peak power 1.5MW 2MW
Radar code Mandaa Mandaa

Resolution in range/time delay 360m 360m 360m 360m
System temperature 240–370b K 135 K 150 K 90–150 K
Antenna gain 43 dBi 48 dBi
Half-power beam width 1 × 2.4° × 1.7° transmit 1.2° 1.2° 1.2°

2 × 2.4° × 1.7° receive

ahttps://www.eiscat.se/about/experiments2/experiments.
bIncludes additional noise from range-aliased F region echoes.
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We first discuss the geometry of the tristatic EISCAT VHF and the measurements with the remote receivers.
Figure 1 sketches in a vertical cut the geometry of the transmit antenna pointing toward zenith and remote
receiver antennas pointing at a reference height at point V above the transmit antenna; it also illustrates the
large range of altitude over which the remote receivers measure the backscattered signal. The minimum alti-
tudes, Hmin, and maximum altitudes, Hmax, where the antenna beams cross the illuminated volume are listed
in Table 2 (numbers rounded to kilometers). The data received at one point in time from Kiruna and
Sodankylä as displayed by EISCAT real-time graph (RTG) are shown in Figure 2. The postexperiment integra-
tion time of displayed data is 19.2 s. The frames in the right column show frequency shift relative to the trans-
mitted frequency, f0 set to f0 = 0 (in figures) on the abscissa and signal time delay, τ, on the ordinate. The
signal time delays corresponding to the path length along the antenna sight lines are set to τ0 = 0. In the case
of the Kiruna antenna this is the length Δ (T,V,K) of the line from T through V to K (cf. Figure 1). The signals
received with time delay τ0 do not only scatter from V but are collected from any point P in the volume which
connects to T and K to the same total length as V does. These points P describe a segment of a circle within
the vertical cut of volume shown, and signals with τ< 0 are from the part of the illuminated volume below
this line and those with τ> 0 from part of the volume above. The data are recorded in 2.4μs time delay inter-
vals corresponding to 360m range interval, and a total of 53 subvolumes (of the beams intersection volume)
is measured. The same applies for the Sodankylä measurements. Power versus time delay is shown in Figure 2
(left column), where also the (low) power received from outside the considered frequency interval can be
seen for comparison.

The selected frequency interval of the power versus frequency frames (Figure 2, right column) of ±100Hz
around the transmit frequency corresponds to the approximate expected width of incoherent scatter spectra
at 80 to 90 km altitude [cf. Röttger and LaHoz, 1990]. The spectra displayed in the frames have a width around

20Hz or less which indicates they are
not from incoherent scatter but coher-
ent scattering from PMSE. The shift of
frequency is Doppler shift due to
motion of the scattering obstacle along
the sight line. It is also apparent from
the frames that this frequency shift is
different for different time delays, and
namely, in the frame describing Kiruna
measurements (Figure 2, right column,
lower panel) the power is distributed at
frequencies < f0 for τ< τ0 and at fre-
quencies > f0 at τ> τ0, approximately
indicating that the observed volume in
space includes scattering obstacles with
different direction of motion along the
sight line. The same frame shows that
spectral power distributions at given
time delay have only one peak. We
observe this in the data in general. For

Table 2. Antenna Elevation Angles and Beam Dimensions

HP (km) 82 84 86 90 94

Kiruna Antenna
Elevation 21.30° 21.78° 22.28° 23.24° 24.17°
Hmax (km) 95 96 99 103 107
Hmin (km) 66 69 70 75 79

Sodankylä Antenna
Elevation 9.96° 10.23° 10.57° 11.05° 11.61°
Hmax (km) 96 97 101 104 108
Hmin (km) 65 68 68 73 78

Figure 1. Geometry of receiver antenna cones crossing illuminated
volume above Tromsø showing both receiver sight lines projected onto
same vertical plane. The antenna sight lines intersect at point V and
originate from points T, K, S for Tromsø, Kiruna, and Sodankylä,
respectively. Scattered components are received from any point P within
the overlapping volume. For antenna pointing at 86 km the maximum
and minimum heights observed from Sodankylä are given.
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the same data, total backscattered power (in the entire frequency interval) as function of time delay (Figure 2,
left column, lower panel) shows two peaks. Our interpretation of this observation is that the upper part of
observed volume contains a component that moves away from the receiver antenna and the lower part a
component that moves toward the receiver antenna.

In Figure 3 a number of frames of observations from all three antennas are displayed. Each panel presents
measurements from one site in the same way as in Figure 2 discussed above. Tromsø frames show altitude
derived from pulse time delay on the ordinate (instead of time delay). One of the frames shows high back-
ground noise level due to the influence of other radar signals, e.g., from airplane crossing in a sidelobe of
one or both radar beams (see Sodankylä 8:30 UT). One can see that the echoes are observed from all sites
at similar altitude, and sometimes two separate peaks can be seen in the power distribution, like at 8:30
UT. The displayed Kiruna and Sodankylä data from 9:30 UT nicely show frequency shift around τ0 which
indicates that the direction of motion changes over height smaller than one range interval. The patterns in
Figure 3 result from layers within the PMSE because they appear in subsequent frames. This can also be seen
when considering the measurements taken over time.

To obtain the PMSE observed over time with the remote receivers, we derive from each time frame the total
backscattered power, the width of its frequency distribution, and its frequency shift compared to the trans-
mission frequency. Since the radar path of the remote receivers includes a vertical and a horizontal compo-
nent within a large beam volume, a conversion to altitudes is not meaningful.

For data from the Kiruna and Sodankylä remote receivers we describe the power as function of frequency
with a single Gaussian profile to derive the power amplitude and the width and shift of the frequency distri-
bution. We note that the spectral distributions in our data are broader than those that other groups derived
from monostatic observations [e.g., Strelnikova and Rapp, 2011; Belova et al., 2014]. We see no apparent
overlap of several lines in the profiles but assume that the broad distribution is due to the signal being inte-
grated over large volume. We here use the Gauss fit merely to estimate the overall width and shifts of the
distributions. When considering for comparison the mean value of the power versus frequency distribution
we obtained an overall similar result (not shown). The observed frequency shifts are due to Doppler shift
caused by motion of the scattering atmospheric compounds along the sight line. The frequency converts
to line-of-sight velocities with

Δ v ¼ Δω λ=4 π sin φ=2ð Þ (1)

where Δω= 2 π Δ f, λ= c/f, and φ is the scattering angle. The widths of the spectral distributions observed are
similar for Kiruna and Sodankylä and typically within 20Hz; they are of the same order as the observed

Figure 2. The 7:10 UT data from EISCAT real-time graph (RTG) for Kiruna and Sodankylä receivers. (left column) Blue lines
describe as function of time delay the received power, given relative to system temperature. Red and green lines describe
undeconvoluted power in considered spectral interval and power outside this interval, respectively. (right column) For
same data the power distribution versus frequency on the abscissa within considered ±50 Hz interval around transmit
frequency (set to zero) and time delay in μs on ordinate. Color codes describe backscattered power relative to maximum
received power within each frame.
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frequency shifts. We presume they result from the different velocity components observed within the large
beam volumes and will not discuss them further. Because of this, we also do not study in detail here the spec-
tral shape as was done in a study of monostatic observations [cf. Strelnikova and Rapp, 2010]. The pointing of
the remote receiver antennas was changed during the measurements. The change of pointing within ≈min-
ute had an influence on the time delay distribution in the individual frames (like those displayed in Figures 2
and 3) but not on the spectral distribution. There is not apparent influence on the overall observed PMSE pat-
terns presented and discussed below.

At altitudes without PMSE and where ionization is sufficiently high EISCAT measures the incoherent scatter
from electrons. This signal is at 80 to 100 km much fainter and covers a broader frequency distribution than
PMSE [cf. Cho and Röttger, 1997; Rapp and Lübken, 2004; La Hoz et al., 2006]. For, otherwise, analyzing the VHF
and UHF Tromsø measurements we used standard incoherent scatter analysis GUISDAP [Lehtinen and
Huuskonen, 1996]. GUISDAP provides the electron density derived from the incoherent scatter spectrum
and a value proportional to backscattering power for the coherent scatter of the PMSE. Considering, e.g.,
the spectral distributions in VHF Tromsø measurements shown in Figure 3, there is no incoherent scatter

Figure 3. Individual frames of the VHF observations are shown in three panels for Tromsø, Kiruna, and Sodankylä. Each
frame shows frequency shift relative to the transmitted pulse on the abscissa. The signal time delay is given on the
ordinate, for Tromsø this is directly converted to altitude. The color code describes the backscattered power, normalized to
maximum received power within each frame. Scales and legends given in the lower right of the figure are valid for all
frames from the same cite, and those for Sodankylä also apply to the Kiruna observations.
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component noticeable at the PMSE alti-
tudes. From the VHF observations we
also derive the vertical velocity in the
PMSE discussed below from the mean
Doppler shift of the backscattered sig-
nal as described, e.g., by Strelnikova
and Rapp [2011].

3. Results

Figure 4 presents the Tromsö VHF and
UHF measurements, and Figure 5
describes the VHF measurements from
the remote sites. All VHF measurements
show PMSE over the entire 6 h time inter-
val at varying altitude between 80 and
90 km, and the appearance is remarkably
similar in observations from all three
sites. The UHF measurements can be
explained as incoherent scatter; they
show no apparent PMSE, which is in line
with findings that PMSE are rarely
observed at higher frequency and occur-
rence rate is much lower for EISCAT UHF
than for VHF [La Hoz et al., 2006;
Strelnikova and Rapp, 2011]. In some
parts of the PMSE a wave-like patterns
can be seen. Those are often observed
in PMSE similar as in NLC and are possi-
bly due to gravity waves that cause tur-
bulence in the neutral component
[Dalin et al., 2012]. We find that changing
the elevation of the remote receiver
antennas had no noticeable influence
on the observed overall spatial structure

of PMSE, and we assume this is because the resulting change in observation geometry is small compared to
the size of the observed volume. As seen in Figure 3 the frequency shift sometimes changes at a given time
along the antenna sight lines. Figure 6 shows the frequency shifts observed during the entire observation
run showing that at a given altitude similar frequency shifts are observed for some (prolonged) time suggesting
they are due to wind motion. The observed frequency shifts are within ±30Hz and for most of the time clearly
different for Kiruna and Sodankylä data indicating the contribution from horizontal components. During some
time intervals the measurements include a reversal in the frequency shift with altitude. In this tristatic observa-
tion geometry sight lines of the remote receivers have a large horizontal component, and reversals can be seen
when the sight line crosses layers with different directions of motion, as illustrated in Figure 7.

The overall direction of motion in the presented observations can be estimated from the combination of fre-
quency shifts that are observed from Sodankylä and Kiruna, respectively, as sketched in Figure 7 applying
that positive frequency shift along the sight line is generated from objects moving toward and negative shift
from objects moving away from the receiver along the sight line. Combination of the shift along the two
different sight lines (for Kiruna and Sodankylä observations) provides a rough estimate of the direction of
motion. From that the reversal in motion around 7:15 UT is from overall eastward motion in the upper layer
to northward in the lower layer, while around 9:15 UT the upper layer moves north and the lower layer east.
Around 12:00 UT motions are toward west in the upper layer and north in the lower layer with northward
motion at all altitudes around 12:15 UT and later. The vertical motion derived from the Tromsø observations,
displayed in Figure 8, is in comparison small and does not show any evidence for the sublayers that we infer

Figure 4. The radar backscattered power and electron density observed
with EISCAT (top) VHF and (bottom) UHF during 6 h at altitudes given
on the ordinate. A data gap occurs because of a reception problem
starting 7:14 UT, left blank in the figures. No PMSE is observed with UHF,
and measured electron densities are plotted with 10min postexperiment
integration time for illustration of small electron densities.
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from the observations with the remote
receivers. The derived vertical velocities
are around m/s, and variation in vertical
velocity is larger outside of the PMSE;
the latter was also noted by other obser-
vers [cf. Strelnikova and Rapp, 2011].

4. Discussion

The patterns of PMSE that we observed
from the three different sites appear
similar. During the observations we
changed several times the pointing
directions of the receiver antennas and
found no noticeable effect on the
observed backscattered power, so there
is no sensitivity on aspect angle within
the limits of the presented observations
with elevation angles 21.30° to 24.17°
and 9.96° to 11.61° (cf. Table 2). In gen-
eral, the changes of pointing direction
had little influence on the observations.
We explain this with the large extension
of the volume that the antenna beams
cover, with the large overlap of the
beams with different antenna pointings,
and with the fact that the observed
signals typically come from the part in
the antenna volume where reflectivity
is highest. We suggest that different
types of radar systems are needed for a
detailed study of aspect sensitivity. At

the same time we can derive from the observations important information on the horizontal layering of
the PMSE. The small vertical velocities that we derive from the Tromø observations are an important indicator
that the Doppler shifts observed with the remote receiver antennas are due to horizontal motion. These fre-

quency shifts and their implications for
layers in the PMSE, as well as the results
on incoherent scatter, are discussed in
more detail below.

4.1. Frequency Shift and PMSE Layers

We interpret the observed reversal in
frequency shift as due to wind shear
and suggest that Kelvin-Helmholtz
instability can evolve. A wavy structure
of the boundary is a characteristic of
Kelvin-Helmholtz instability, and such
signatures can be seen in the backscat-
tered power and in the frequency shift
of the Kiruna measurements between
07:10 and 07:40 UT (cf. Figures 5 and
6). While this needs to be supported
with future observations, the inter-
pretation is plausible also based on

Figure 6. The frequency shift of the backscattered power measured from
(top) Kiruna and (bottom) Sodankylä. The channels were shifted in the
same way as in Figure 5. A change of the direction of frequency shift with
height is best seen in the Kiruna data between 7:10 to 7:40 and 9:00 to
10:00 UT.

Figure 5. The radar backscattered power measured from the VHF remote
receivers in (top) Kiruna and (bottom) Sodankylä as function of signal
time delay. Different observation time intervals were shifted so that a
horizontal line within each figure corresponds to same altitudes above
Tromsø. The display of data from the lowest pointing (82 km) starts at
channel 0, the measurements pointing to reference height 84, 86, 90, and
94 km are shifted by 4, 8, 16, and 24 channels for the Kiruna data and by 3,
5, 14, and 21 channels for the Sodankylä data, respectively. A timing
problem at the Kiruna site resulted in a data gap from 10:54 UT to 11:50
UT, marked with an arrow. The white rectangular marks a wavy structure
in the PMSE pattern that is discussed in the text.
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considering the Richardson number, given as the ratio of the squared Brunt-Väisälä frequency to the squared
horizontal wind gradient. Assuming a typical Brunt-Väisälä period at the summer mesopause of 5min
[Andrews et al., 1987] and horizontal wind gradient of 20m/s over few hundred meters height, we obtain a

Richardson number around 0.2 while
instabilities are expected for Richardson
numbers smaller than 0.25 [Fritts and
Alexander, 2003]. The observed shape
of PMSE also suggests its link turbulence.
Varney et al. [2011] show that PMSE
reflectivity dependents, among others,
on the number density of charged ice
particles and on their height gradient,
Brunt-Väisälä frequency, and turbulent
energy dissipation rate. Dalin et al.
[2012] have checked these equations
using real atmospheric data inside the
PMSE layer and found that indeed the
variability in the PMSE reflectivity is
readily explained by the ice number
density, its height gradient, and wave-
induced perturbations in the buoyancy
period and the turbulent energy
dissipation rate.

Figure 7. (top) Geometry of observation showing in vertical cut through the atmosphere how the antenna sight lines cross
layers with different directions of motion. (bottom) The observation geometry shows the direction of the sight line
projection from the illuminated volume above Tromsø to the receiver antennas. The dashed lines separate directions of
motion with positive (to the right) and negative (to the left) frequency shifts. The overall direction of motion can be
estimated from the combination of frequency shifts that are observed from, respectively, Sodankylä and Kiruna where
positive/negative indicated overall northward motion; negative/negative, westward; negative/positive, southward; and
positive/positive, eastward as sketched in the figure.

Figure 8. The vertical velocity derived from frequency shift of backscat-
tered power in the EISCAT VHF observations displayed in Figure 4.
Velocities are within ±1m/s in PMSE signals and larger otherwise.
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To further explore that Kelvin-Helmholtz
instability formation is plausible, we
refer to an observed vertical tempera-
ture profile taken the same day 217 km
away from the Tromsø site. The tem-
perature profile and the Brunt-Väisälä
period derived from it are shown in
Figure 9. The temperature measure-
ments are from the infrared radiometer
SABER (Sounding of the Atmosphere
using Broadband Emission Radiometry,
[Russell et al., 1999]) on board the
TIMED (Thermosphere Ionosphere
Mesosphere Energetics and Dynamics)
satellite. The validation of the SABER
temperature data can be found in
Remsberg et al. [2008, and reference
therein]. We have selected the tempera-
ture profile closest in space and time to
the Tromso position during the period
of the PMSE observation. The Brunt-

Väisälä period goes to imaginary values (zeros in Figure 9) which is a strong indication for the presence of
the convective instability. While this observation is not from the same volume as the PMSE observations, it
indicates the possible existence of Kelvin-Helmholtz instability at locations and for mesospheric conditions
very close to the EISCAT observations.

We note that Yu et al. [2001] with coherent radar imaging also find horizontal structure in PMSE reflec-
tivity and velocity in PMSE multiple layers and suggest Kelvin-Helmholtz instability one possible explana-
tion. Kelvin-Helmholtz instability caused by wind shears is also observed in NLC [Dalin et al., 2010]. In
addition to the observational findings, also hydrodynamic models show that turbulence can initiate
Kelvin-Helmholtz instability and lead to strong radar echoes from electron irregularities in the presence
of heavy ions and charged dust [Hill et al., 1999]. It is also worthwhile to note that in other atmospheric
studies, the influence of wind shear is observed even at higher altitude, e.g., at sporadic E layers [Hysell
et al., 2014].

The observation of high horizontal velocity components also has an implication for the link between PMSE
and NLC. In general, the peak of PMSE detections is around 86 km and the peak of NLC occurrence is
around 83 km, and this suggests the picture of ice particles that grow, settle, and sublimate in the meso-
sphere and gives rise to both phenomena [cf. Rapp and Lübken, 2004]. The observed horizontal motion
of the PMSE in different directions may imply sharp changes in the ice number density and its height
gradient. Both are found to be significant factors in the variability of the PMSE reflectivity [Varney et al.,
2011; Dalin et al., 2012]; however, these factors may have different influence on the larger NLC ice particles
at lower altitude. In the first common volume and simultaneous NLC and PMSE observations with
LIDAR from ALOMAR Nussbaumer et al. [1996] observed PMSE every day for 1month (23 July to 23
August 1994), while simultaneous NLC/PMSE events were only observed in four cases—partly because of
weather conditions. From a campaign using visual observations and photography together with radar at
ESRANGE and EISCAT Kirkwood et al. [1995] could not find a correlation between NLC and PMSE because
there were only few cases of common volume observations. This latter campaign was carried out during
summer 1991.

4.2. Electron Densities

The altitude and radar frequencies at which PMSE are observed suggest that they are linked to charged
dust/ice particles [Rapp and Lübken, 2004] and they are even considered a dusty plasma [Mendis and
Rosenberg, 1994]. Somemodels are, e.g., based on the assumption that charged dust particles are carried with
the neutral atmosphere so that they form an irregular spatial pattern. To satisfy the charge neutrality

Figure 9. (left) Temperature profile and (right) Brunt-Väisälä (BV) period
calculated based on this temperature profile from SABER measurements
[Russell et al., 1999] on board TIMED [cf. Remsberg et al., 2008]. This
temperature profile from SABER at distance 217 km from the Tromsø
EISCAT site is the closest in space and time to the period and location of
the PMSE observations.
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condition, the charged dust distribution causes electron density variation and that, in turn, changes the index
of refraction so that the radar echoes form. The index of refraction, ε, here is at (angular) frequency ω

ε ¼ 1� ω2=ωp
2

� �
(2)

with the plasma frequency ωp≈ (nee
2/εo me)

1/2, electron density ne, electron charge e, electron massme, and
vacuum permittivity εo, so that the plasma refractive index ε varies with the variation of ne.

PMSE are less strong during heating experiments when the electron temperature is artificially increased, and
it is suggested that the enhanced electron diffusivity reduces the spatial pattern of the electrons that enters
the radar reflective index [Chilson et al., 2000; Havnes, 2004]. The basic picture described above implies that
electrons are collected on the negatively charged dust, while dust particles in the mesosphere can be neutral
or positively charged, the latter especially in nanometer-size limit [Mann et al., 2014]. Also, other processes
may play a role, as in their review Rapp and Lübken point out that irregular electron density profiles are
frequently observed at PMSE altitudes [Rapp and Lübken, 2004]. In some cases charged ice/dust particles
are observed at the same time with reduced electron density called “biteout” [Rapp and Lübken, 2004; La
Hoz et al., 2006]. Aside from local variations observations also indicate the influence of enhanced electron
density, e.g., during strong solar proton events on PMSE [Chau et al., 2014]. In view of all this, having electron
density and PMSE measurements at the same location and time would be helpful. When using high power
large aperture radar like EISCAT for PMSE observations the electron densities can be derived from incoherent
scatter at least below and above PMSE. Since the UHF observations that we made simultaneously with the
VHF observations show no PMSE, the UHF data could provide electron densities even within PMSE.

The UHF observations presented (Figure 4), however, show no reduced electron densities at PMSE altitude
when these are between 85 and 90 km; below 85 km the electron densities are at the detection limit.
Instead, both UHF and VHF (Figure 4) seem to indicate from 11 UT onward a reduced electron density
between roughly 85 and 90 km altitude directly above the range where PMSE are observed. The observations
are, however, close to noise level and not sufficient to decide whether this observed reduced electron density
above the PMSE is significant and whether or not it is linked to and a characteristic of PMSE or not.

5. Concluding Remarks

In summer 2013 the EISCAT VHF was for the first time used for tristatic observations, and as far as we know
the presented data are among the first undisturbed tristatic PMSE observations over several hours, since
most other tristatic observations were made in combination with artificial heating. Because of the large
volume illuminated by the radar beam we here can clearly identify the gradients in horizontal motion only
in special cases, e.g., through change in direction of the frequency shift. A future multistatic phased-array
radar system [Wannberg et al., 2010; McCrea et al., 2015] could provide the opportunity to study the PMSE
conditions on smaller spatial scale and solve the space-time ambiguity common to the existing single site
atmospheric radars.
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