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Abstract. The Middle Atmosphere Alomar Radar Sys-
tem (MAARSY) in Northern Norway (69.30◦ N, 16.04◦ E)
was used to perform interferometric observations of Polar
Mesosperic Summer Echoes (PMSE) in June 2012. Coher-
ent Radar Imaging (CRI) using Capon’s method was applied
allowing a high spatial resolution. The algorithm was vali-
dated by simulation and trajectories of meteor head echoes.
Both data sets show a good correspondence with the algo-
rithm. Using this algorithm, the aspect sensitivity of PMSE
was analysed in a case study, making use of the capability of
CRI to resolve the pattern within the beam volume. No cor-
rection of the beam pattern was made yet. It was found in this
case study, that no large variations in the scattering width and
the scattering center occured apart from a very short period
of time at the upper edge of the PMSE.

1 Introduction

Polar Mesospheric Summer Echoes (PMSE) are a phe-
nomenon in the middle atmosphere at polar latitudes, where
VHF radar waves are backscattered at mesospheric heights
(e.g. Balsley et al., 1979; Hoppe et al., 1988). The overall
mechanism of the formation of these PMSE is understood
and widely accepted. ’Mesospheric neutral air turbulence in
combination with a significantly reduced electron diffusivity
due to the presence of heavy charged ice aerosol particles
(radii ∼ 5–50 nm) leads to the creation of structures at spa-
tial scales significantly smaller than the inner scale of the
neutral gas turbulent velocity field itself’ (Rapp and L̈ubken,
2004) and therefore scales of the radar’s Bragg wavelength.
The inner structure of PMSE is still unknown but a field of
recent interest (Chilson et al., 2002; Chen et al., 2008). The
aspect sensitivity of PMSE is an indicator of the scattering
mechanism and describes the backscattered power in depen-
dence on the off-zenith angle of the radar beam. If the power

decreases fast with increasing off-zenith angle, the aspect
sensitivity is high and it is unlikely an homogenous scatter-
ing mechanism and vice versa (Röttger and Vincent, 1978;
Hocking et al., 1986). It is essential to understand the aspect
sensitivity to use PMSE as a tracer of atmospheric dynam-
ics (Stober et al., 2012). In order to resolve the still unknown
inner structures of PMSE, the Middle Atmosphere Alomar
Radar System (MAARSY) on the Norwegian Island Andøya
started its operation in 2010. MAARSY has a beam width
of 3.6◦at 3 dB and beam steering capabilities with off-zenith
angles up to 30◦without generating severe grating lobes. Fur-
thermore the MAARSY antenna can be divided into several
sub-arrays to perform interferometric analysis. These capa-
bilities can be used to apply coherent radar imaging (CRI)
and to get a deeper insight into the inner structures of PMSE.
Coherent Radar Imaging was introduced and established by
Kudeki and S̈urücü (1991) and Woodman(1997) in atmo-
spheric physics and used by e.g.Yu et al. (2001); Chilson
et al.(2002); Chen et al.(2004, 2008) to investigate PMSE.

2 Experimental setup and calculation

2.1 Experimental setup

MAARSY employs an active phased array antenna system
located at the island Andøya in Northern Norway (69.30◦ N,
16.04◦ E). It operates at 53.5 MHz and consists of 433 Yagi
antennas, arranged in a circular shape with a diameter of
90 m. It has a half power beam width of 3.6◦and a peak power
of about 800 kW. Pulse-to-pulse beam steering is possible to
an off-zenith angle up to 30◦(Latteck et al., 2012). For re-
ceiving purposes in this experiment, the array was divided in
seven sub-arrays (Fig.1), each consisting of 49 antennas. The
receiving channels for the seven sub-arrays have been phase-
calibrated as described inChau et al.(2013). On 21 June
2012, MAARSY was operated in an interferometric mode,
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Fig. 1. Sketch of MAARSY. The array is divided into 55 sub-
arrays of hexagonal shape. Seven of contiguous sub-arrays can be
combined to a larger structure called an anemone and the seven
anemones are colour-coded in the figure above. The boxes around
the antenna field are the equipment buildings.

allowing the application of CRI. The sampling range was 75–
111 km. Using a pulse length of 1 µs, the resulting range reso-
lution is 150 m. The pulse repetition frequency was 1250 Hz,
a 16 bit complementary coded pulse was transmitted and the
received data was stored in 256 points complex time series
for each sub-array.

2.2 Used method

The data was analysed by using Capon’s method of CRI.
Capon’s method was found to be better than Fourier’s method
and faster than the Maximum Entropy method (Yu et al.,
2000). The imaging method is based on the cross spectral
function between the different receiversi andj and denoted
by Rij . Following Palmer et al.(1998), one can derive the
cross correlation matrix in the time domain as

R(t) =


R11(t) . . . R1n(t)

R21(t) . . . R2n(t)
...

...

Rn1(t) . . . Rnn(t)

 (1)

The brightness as an indication for the backscattered power
of Capon’s method is given by

Bc(t,k) =
1

e†R−1e
(2)

with

e =


ejk·D1

ejk·D2

ejk·D3

...

ejk·Dn

 (3)

wherek denotes the wavenumber vector andDi the distance
vector of the receiveri with respect to the origin (Palmer

et al., 1998), t the time,e† represents the conjugate trans-
pose ofe andR−1 the inverse ofR.
The algorithm was applied after coherent integration of a
time series containing 256 data points. The brightness was
mapped on a rectangular grid with a meridional and zonal
range of−4◦to 4◦or −6◦to 6◦for the simulation, and−8◦to
8◦for the meteor head echo. The step width is 0.1◦. As an
initial validation and report of CRI with the MAARSY radar,
however, we do not consider the beam weighting effect on the
brightness distribution. The beam weighting effect may not
be ignored for some circumstances (e.g.Chen et al., 2011;
Chen and Furumoto, 2011, 2013).

3 Verification

3.1 Simulation

Assuming a point target, the backscattered signal can be sim-
ulated by a monochromatic wave, which can be written for
one sub-array as

si(t) = A · ej (2πf t+ϕi ) + N(t) (4)

whereA is the amplitude,f the transmitted radar frequency,
t the time andϕ the phase. To simulate internal and exter-
nal disturbances, normally distributed random noise with the
standard deviationσ and the amplitudeN is added for the
real and imaginary part independently. This was done for
every sub-array for a single target and after that different
signal locations were superimposed by adding the different
signals of different targets. These signals were used to val-
idate the CRI algorithm. For this simulation, the MAARSY
configuration was used, withf = 53.5 MHz and the centers
of two adjoining anemones 28 m apart. The amplitude was
set toA = 1. Furthermore, Gaussian noise withσ = 0.1 was
added . The results for three point targets are shown in Fig.2
with different off-zenith angles. The left figure shows an off-
zenith angle of 1◦. The center of the brightness lies between
the scatterers and the single centers can not be separated from
each other. The triangular shape is preserved. The right figure
shows a simulation with off-zenith angles of 2.5◦. All three
targets are separated as centers of brightness. Still, some sig-
nal is received from the zenith, where no scatterer is located.
A more complex distribution of point scatterers is shown
in Fig. 3. In contrast toYu et al. (2000), we assume dif-
ferent centers of scattering. The scatterers are arranged in a
sine-shaped way. When we decrease the signal to noise ratio
(SNR), the less the shape of the point scatterers is preserved.

The SNR was calculated as SNR=
(
A/

√
2σ
)2

. Hence, the

distribution of the brightness depends not only on the distri-
bution of the scatterers but also on the noise level of the ob-
servations. The addition of noise for point scatterer in a sim-
ulation is necessary, otherwise R becomes a singular matrix
for point scatterers, which cannot be inverted. The ambigu-
ity due to multiple phase cycles becomes a problem for large
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Fig. 2. Simulation of signals with known positions. The three x
mark the position of the signal from point targets. Left: Three sig-
nals with off-zenith angles of 1◦ are superimposed, resulting in one
center with the highest brightness in the middle. Right: Three sig-
nals with off zenith angles of 2.5◦ are superimposed, resulting in
three separated centers of brightness.

off-zenith angles. The multiple phase cycles are introduced
due to the given baseline length. In Fig.3, the ambiguity is
shown by black lines and determined by the baselines of the
used sub-arrays. Even with no noise added, the pattern can-
not be reproduced perfectly by the algorithm.

3.2 Verification using meteor head echoes

To verify the algorithm not only by simulated but real data,
meteor head echoes were used. These echoes result from the
plasma around the meteor when it enters the atmosphere.
This is a good target due to the small size of the meteors
(Westman et al., 2004). An event with two meteors entering
the atmosphere with almost perpendicular trajectories were
used to validate the CRI algorithm. The trajectories of the
meteors are represented in Fig.4. For this experiment, a pulse
length of 49 µs was used. The range was oversampled with
900 m. For the calculation of the brightness, a set containing
7 s of data were coherently integrated. The result is shown
in Fig. 5 where the brightness distribution for five different
heights are shown. The brightness is spread not only horizon-
tally but vertically resulting from the oversampling, but the
center of the brightness matches the trajectories. The algo-
rithm is capable of resolving complex structures in real data.

4 Aspect sensitivity using CRI

Having validated our CRI algorithm, we performed a PMSE
observation in summer 2012 to investigate the aspect sen-
sitivity of this phenomenon for an arbitrarily choosen time.
See Sect.2.1 for the experimental setup. FollowingChilson
et al. (2002), the brightness distribution in the zenith beam
can be regarded as an indicator of the aspect sensitivity dur-
ing periods when the PMSE are uniform within the beam vol-
ume which corresponds to horizontal scales of approximately
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Fig. 3. Simulation of signals with known positions. The dots mark
the position of the signal generated by point targets. The black lines
indicate the ambiguity limit due to the antenna configuration. Upper
left: No noise added reproduce the pattern of the scatterers. Upper
right: A SNR of 50 preserves the shape of the scatterer distribution.
Lower left: A SNR of 12.5 leads to a broader distribution of bright-
ness. Lower right: A SNR of 5.6 leads to a smeared distribution of
brightness.

5.7 km at a height of 90 km. Otherwise, the maximum of the
brightness must be considered as the mean angle of arrival.
The same approach was made for MAARSY. The difference
made is thatChilson et al.(2002) applied a two-dimensional
Gaussian fit, while we fitted the brightness meridional and
zonal with a one-dimensional Gaussian fit of the form

f (x) = a · exp

(
−

1

2

(
x − µ

σ

)2
)

(5)

wherea is the amplitude,µ the deviation from the zenith,
in zonal direction denoted byx, or meridional direction, de-
noted byy, respectively.σ denotes the meridional or zonal
width. The CRI algorithm was applied to a time series of nine
hours on 21 June 2012 for a height range from 80–89 km
and the brightness was fitted using a Gaussian fit. To avoid
the analysis of noise, only data with a maximum brightness
B > 75 dB was included in the analysis. The results for the
width and the deviation of the maximum from the zenith of
the fit are shown in Fig.6.
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Fig. 4. Two meteors in the zenith beam of MAARSY. These trajec-
tories were calculated by using interferometry. Both meteors enter
the atmosphere 7 s apart and have almost perpendicular trajectories.

The top Fig.6a shows the range-time power plot of the
used time series to give an overview over the PMSE activ-
ity during this time. Figures6b and6c show the deviation
of the fit’s maximum in meridional and zonal direction, re-
spectively. Figures6d and6e show the width of the fit in
meridional and zonal directions. The width of the Gaussian
function varies betweenσ = 1◦to σ = 3◦. This corresponds
to a full width at half maximum (FWHM) of FWHM = 2.4◦to
FWHM = 7◦. Compared with the radar beam width of
FWHMbeam= 3.6◦we used, the received pattern varies be-
tween a broadening of the beam pattern and a smaller re-
ceived pattern, maybe due to aspect sensitivity. Most returned
signals had a width ofσ < 2.2◦. Layers described byChilson
et al.(2002) are not found in this case study, except at about
13:00 UTC, where large deviation over 4◦were found at the
upper edge of the PMSE, but no layer shaped broadening in
the returned width was found in this time series. It appears
that in the lower part of the PMSE the aspect sensitivity is
slightly increased compared to the upper part of the PMSE.
This is similar to that observed byChilson et al.(2002).

To inspect the altitudinal variation of aspect sensitivity in
more detail, the PMSE was divided into three different parts
for each time, where the upper and lower edge are defined
by the two lowest and highest ranges of the PMSE and a part
between those regions. The variations of the deviations and
width for different parts of the PMSE are shown in Fig.7.
The left side shows the deviations of the maximum from the
zenith while the right side shows the width of the Gaussian
fit. In order to get an overview over the distribution of the
scattering center, the expectation values ofµx , µy , σx and
σx are shown in Table1. The maximum of the brightness is
mostly centered around the zenith with no large variations
over the different parts of the PMSE. The slight negative de-

Fig. 5. Meteor trajectories of two meteors. The black lines indicate
the center of the meteor trail, the light grey lines indicate the upper
and lower limits of the meteor trail due to the used pulse length of
49 µs. The coloured rectangles represent the brightness in selected
height gates. The trajectories and the brightness correspond well.

viation of the scattering centers can result from the PMSE,
which might be gently tilted or, although a phase calibration
has been made, due to small phase instabilities between the
receivers; we need more observations and data to verify this
in the future. The width of the Gaussian fit does not vary
much over the three different parts of the PMSE, although a
slight decrease of aspect sensitivity with height was found in
the width of the Gaussian fit in the zonal direction. On the
other hand, in the width in meridional direction, no signifi-
cant change in width was found. The decreasing aspect sen-
sitivity in upper parts of the PMSE was also found byZecha
et al.(2001), who used the Alomar SOUSY VHF radar. Also,
Hoppe et al.(1990) measured the aspect sensitivity with the
SOUSY VHF radar and they found values of aspect sensi-
tivity between 2◦and 10◦and a tendency of decreasing aspect
sensitivity with height.

5 Summary and conclusions

A CRI algorithm using Capon’s method was applied on
PMSE measurements conducted with MAARSY and the al-
gorithm was validated by both synthetic data and meteor
head echoes. It was found that the CRI algorithm corresponds
well with both the simulation and the trajectories of the me-
teor head echoes.

After that, the algorithm was used to analyse the aspect
sensitivity of PMSE by applying a Gaussian fit to the merid-
ional and zonal slices of the brightness. The brightness distri-
bution can be regarded as an indicator for the aspect sensitiv-
ity when we assume, that the PMSE are uniform within the
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Fig. 6. Range-time pseudocolor plot of:(a) Power plot of the time series.(b) Deviation of the maximal brightness from the zenith in
meridional direction.(c) Deviation of the maximal brightness from the zenith in zonal direction.(d) Width of the Gaussian fit in meridional
direction.(e)Width of Gaussian fit in zonal direction.

radar beam. Is the PMSE not uniform within the radar beam
and the pattern is too small to be resolved by the algorithm,
it can only be seen as a mean angle of arrival.

In the dataset used, no layer shaped structures were found,
but as a solitary event, in the upper boundary of the PMSE a
large deviation from the zenith in both meridional and zonal
direction was observed around 13:00 UTC.

Statistical estimates show that the scattering centers dif-
fer slightly from the zenith. The slight negative bias could be
related to tilted structures in the echo layer, or results from
small errors in the phase calibration of the receiving chan-
nels. On the other hand, statistical estimates show that the

Table 1.Expectation values ofµx , µy , σx andσx . The error is the
σ standard deviation. The derivation of the scatter centers from the
zenith is around zero with a slight negative bias and the width of the
brightness distribution is about 2◦.

Part of PMSE µx [◦] µy [◦] σx [◦] σy [◦]

Upper edge −0.1± 1.3 −0.4± 1.4 2.2± 0.6 2.3± 0.7
Part between −0.1± 1.0 −0.2± 1.0 2.1± 0.5 2.2± 0.5
Lower edge −0.2± 0.8 −0.4± 1.4 2.0± 0.4 2.3± 0.7
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Fig. 7. Bar plots of the deviations from the zenith (left) and the
width of the Gaussian fit (right) for different parts of the PMSE.
The PMSE was divided in three parts, where the upper edge are
the two uppermost heights and the two lowest heights are the lower
edge. The part between both regions are pooled as one part. The
histograms are fitted with a Gaussian fit (solid line) to get the mean
values ofµx , µy , σx , andσy in the different parts of the PMSE.

aspect sensitivity, indicated by the width of the brightness
distribution, did not vary significantly from the lower to up-
per parts of the PMSE layer. Only a slight decrease in aspect
sensitivity with height was found along the zonal cut.

Further data sets will be analysed in the future to demon-
strate the capabilities of CRI with the MAARSY radar, and
the beam weighting effects may be taken into account for
some circumstances.
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