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Abstract

During the PHOCUS rocket campaign, on 20-22 July 2011, the observations of polar
mesosphere summer echoes (PMSE) were made by three mesosphere-stratosphere-
troposphere radars, operating at about 50 MHz. One radar, ESRAD is located at
Esrange in Sweden, where the rocket was launched, two other radars, MAARSY and
MORRO, are located 250 km north-west and 200 km north of ESRAD, respectively,
on the other side of the Scandinavian mountain ridge. We compared PMSE as
measured by these three radars in terms of their strength, spectral width and wave
modulation. Time-altitude maps of PMSE strength look very similar for all three
radars. Cross-correlations with maximum values 0.5-0.6 were found between the
signal powers over the three days of observations for each pair of radars. By using
cross-spectrum analysis of PMSE signals, we show that some waves with periods of a
few hours were observed by all three radars. Unlike the strengths, simultaneous
values of PMSE spectral width, which is related to turbulence, sometimes differ
significantly between the radars. For interpretation of the results we suggested that
large-scale fields of neutral temperature, ice particles and electron density, which are
more or less uniform over 150-250 km horizontal extent were ‘modulated’ by waves

and smaller patches of turbulence.
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1. Introduction

The aim of the PHOCUS project (Particles, Hydrogen and Oxygen Chemistry in the
Upper Summer mesosphere) is to study mesospheric particles (ice and meteoric
smoke) and their interaction with their neutral and charged environment. The
PHOCUS sounding rocket was launched from Esrange, Sweden into strong
noctilucent clouds (NLC) and polar mesosphere summer echoes (PMSE) on 21 July
2011. See an overview of the project and the main results in Gumbel et al. (this issue).
Observations with three Mesosphere-Stratosphere-Troposphere (MST) radars,
ESRAD at Esrange in Sweden, MORRO at Ramfjordmoen and MAARSY at
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Andenes, both in Norway, were made for pre-flight diagnostics of PMSE (ESRAD)
and in support of the rocket-borne measurements.

PMSE are strong radar echoes, which are closely related to NLC. See Rapp and
Luebken, 2004 for a review of PMSE. However, while NLC are formed by ice
particles, the PMSE occurrence requires perturbations in electron density produced
due to complex interactions between ionospheric electrons and charged ice particles,
including those of sub-visual sizes. Thus the PMSE study meets the objectives of the
PHOCUS project.

In the past, MST radars in general (including ESRAD and the earlier radar, ALWIN,
at Andenes), have been extensively used to study PMSE in terms of their
characteristics, variations and trends (e.g. Bremer et al., 2006; 2009; Latteck et al.,
2008; Smirnova et al., 2010; 2011; Swarnalingam et al., 2009a among many others).
There are inter-comparison statistical studies of PMSE strength and occurrence
measured with MST radars at different polar latitudes and even from different
hemispheres (e.g. Kirkwood et al., 2007; Latteck et al., 2008; Morris et al., 2009;
Swarnalingam et al., 2009b). Multi-radar studies of PMSE were performed using
radars operating in different frequency ranges either co-located (e.g. Rottger et al,
1990; Strelnikova and Rapp, 2010) or located at some distance from each other (e.g.
Belova et al., 2007; Hoppe et al., 1990; Kirkwood et al., 1995). However, it turns out
that comparison of simultaneous PMSE data from radars, operating at about the same
frequencies, at some hundreds of km distance apart is still missing. This paper is a
first attempt to fill this gap. We will use data from the three radars, all operating at
about 50 MHz, in order to study spatial and temporal variability of PMSE fields,
waves and turbulence. This provides background information for interpretation of the

in-situ measurements from the PHOCUS sounding rocket.

2. Experimental setups

At 07:01 UT on July 21, 2011, the PHOCUS sounding rocket was launched from
Esrange into a strong layer of polar mesosphere summer echoes. PMSE observations
have been made during the entire day by the ESRAD MST radar located at the same
site. Two other 50-MHz radars: high-power MAARSY and medium-power MORRO
located 250 km north-west and 200 km north of ESRAD, respectively, have observed

PMSE from the other side of the Scandinavian mountain ridge. The radars belong to
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the same class of atmospheric radars, MST radars. However, the parameters of the
radars and radar experiments differ from each other and are presented in Table 1.
More detailed descriptions of the radars can be found in Kirkwood et al. (2007) for
ESRAD, in http://tupac.phys.uit.no/~cesar/MORROradarSite/MORROradar.html for
MORRO and in Latteck et al. (2012) for MAARSY.

3. Experimental results

3.1 PMSE strength

MST radars measure relative strength of backscatter, which is usually presented as
signal-to-noise ratio (SNR) expressed in dB units. Because of its dependence on radar
and experiment parameters as well as on the cosmic noise variation, SNR is not
suitable for inter-comparison studies. Instead, radar volume reflectivity (VR),
determined as the radar cross section per illuminated unit volume, is used as a
measure of the absolute strength of PMSE and other echoes (e.g. Hocking, 1985). The
determination of PMSE volume reflectivity requires stable radar performance and
accurate calibration. Both ESRAD and MAARSY have been calibrated using
different methods (Kirkwood et al., 2007; 2011; Latteck et al., 2012). However some
technical adjustments were made to MAARSY during 2011, when it was operated
with a large number of transmit-receive modules for the first time. Calibration of
MORRO is not yet available. Therefore in this paper we present MAARSY and
MORRO data in terms of signal-to-noise ratio but in order to give an idea about the
absolute strength of PMSE, we provide radar volume reflectivities calculated for
ESRAD. In Fig. 1 PMSE VR are presented for ESRAD for the entire day of 21 July
2011, together with SNR measured by MAARSY and MORRO.

Despite the difference in the strength we see similarities in the PMSE behaviour for
all three radars. In order to find the altitude distribution of PMSE we averaged
VR/SNR values over 24 hours. In Fig. 2 the altitude profiles of the mean PMSE
strength are shown for the three radars. We cannot compare PMSE strengths at the
three radar sites using this Fig. but we can choose the altitude range where the echoes
are strongest for all three radars and use it for further analysis.

In order to find the relationship between PMSE measured by the different radars we

calculated cross-correlations of their strength for each pair of radars at the same
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altitudes and presented them in Fig. 3. Firstly, the MORRO and MAARSY data were
averaged over 600 m. Then we made suitable time integrations, interpolated all three
radar data with 2 min time resolution and removed mean values.

As seen from Fig. 3, the correlations at some altitudes are moderately high with
maxima of 0.5-0.6 at about zero lag. The strongest correlation is between PMSE
variations at MORRO and MAARSY, which are situated closest to each other (150
km apart) and on the same side of the Scandinavian mountain ridge. These positive
maxima imply that the main variations in PMSE (for 2 min data) occur at the same
time for the three radars. All three cross-correlation functions show several
pronounced maxima/minima for negative lags of several hour values. This is a
signature of waves, which are present in the signals of all three radars. Because of the
relatively long period of these waves (over 5 hours) we decided to use PMSE data for
3 days for further analysis: 20-22 July 2011, i.e. 1 day before to 1 day after the day of
the rocket launch. For simplicity the analysis was restricted to one reference altitude
of 85.2 km, where PMSE measured by all radars have maximum strength.

Fig. 4 shows behaviour of the echo power at this altitude over the course of three days
for all three radars together with the cross-correlation functions calculated for each
pair of radars. We see the signals vary in phase with each other even on short time
scales consistent with relatively high maximum values of 0.6 for the correlation
coefficients. Again as in Fig. 3 the presence of regular variations or waves is clear
from the behaviour of the cross-correlations. The most pronounced ones are diurnal
variations ‘modulated’ by waves with smaller periods of few hours, which have been
chosen for further cross-spectrum analysis (Jenkins and Watts, 1969). This analysis
allows one to quantify the relationship between PMSE signals measured by the three
radars at each frequency (period). A useful quantity for this purpose is spectral
coherence (also called magnitude-squared coherence (Welch, 1967)), which tells us
whether the periodicities in any two time-series are related with each other. If the
coherence-squared is close to 1 at a certain frequency then one could expect a real
physical relationship between two signals at this frequency and that their phase
difference remains constant in time.

For the coherence-squared and phase difference calculations we used the MATLAB
functions mscohere and cpsd. In Fig.5 the results are presented. High spectral
coherence for all three pairs of radars appears for periodicities (waves) with about 6-

hour period. According to the phase difference, this wave seems to be the same wave
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which first arrived to ESRAD and then, propagating in a north-westward direction, it
arrived simultaneously at MORRO and MAARSY. Waves with 2-hour period are
present in the ESRAD and MAARSY PMSE data. Waves with periods between 2.5
and 8 hours are ‘coherent’ for MAARSY and MORRO with no phase difference
between the sites.

As seen from Fig. 1, the PMSE signals show similar temporal and altitude behaviour
for the three radars over the course of one day. We compared PMSE time-altitude
maps for ESRAD, MORRO and MAARSY for a longer interval of three days. In
order to accomplish a comparison of the quantities expressed in different units, one
has to normalize them. The maps of PMSE power normalized for mean values and
dynamic range (standard deviations) for the three radars are shown in Fig. 6. We did
not succeed to find perfect normalizations because the quantities (signal powers) have
distributions over amplitude, which are far from the Gaussian. As a result, the color
scales of normalized powers differ slightly between the three. However, it is clear that
PMSE measured by the radars at three different locations, 150-250 km apart, show
remarkably similar behaviour in time and altitude. This relates not only to the diurnal
variations but also variations on shorter time scales. For instance, there is wave-like
behaviour on 20 July seen by all three radars, sharp displacement from the higher to
the lower altitudes in early morning on 21 July and on the afternoon of 22 July, which

is followed by PMSE completely disappearing.

3.2 PMSE spectral width

Another important characteristic of PMSE is their spectral width. It can be determined
from the radar signal power spectrum, which, in turn, is calculated by applying FFT to
the time-series of the radar backscattered power at sub-second time resolution. Here
we define the PMSE spectral width as a half-maximum full spectral width (HMFW)
and express it in velocity units (m/s), multiplying spectral width in Hz by a half radar
wave length. Fig. 7 shows the time-altitude plots of PMSE spectral widths for all
three radars. The MORRO and MAARSY spectral widths were corrected for beam
broadening Wyeam according to Eq. 46 in Hocking (1985), which reads as

Wiean (M1 8)=0,, "V, =L'9'th=0.35'6'v

hor 2 \/5 hor
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where 0, is the half-maximum half-width of the effective radar beam (two-ways), 0
is the 3 dB full beam width in radians and Vy,, is the horizontal wind speed.

For the correction horizontal winds from the Andenes MF radar (Singer et al., 2008)
were used. The data gaps in Fig. 7 appear partly due to the gaps in the horizontal wind
data and partly because of spectral analysis failure due to low SNR. The ESRAD
spectral width was calculated using the full correlation analysis (FCA), based on the
spaced antenna technique, and is not affected by beam broadening. Because of several
data gaps we cannot apply a correlation and cross-spectrum analysis for the PMSE
spectral widths as was done for the echo strengths. Instead, in Fig. 8 we presented
spectral width behaviour at 85.2 km altitude for all three radars. Like the echo
strengths, instantaneous values of spectral widths can be similar (0-1 UT, 8-9 UT, 12-
17 UT, 19-20 UT and 22-24 UT) for ESRAD, MAARSY and MORRO. However
they also can differ significantly as at about 3-7 UT for the three radars and at 9-11
UT for MORRO and MAARSY.

As for backscattered power, we averaged PMSE spectral widths over 24 hours and the
results are presented in Fig. 9. The PMSE median spectral widths at all three radars
show similar behaviour for 79-89 km altitude range: they increase with increasing
altitude. (Below and above this range the averaged values are not reliable because of a
small amount of data.) Moreover, the averaged spectral width values at MORRO and
MAARSY are close to each other at these altitudes. However the ESRAD spectral
widths at lower heights are smaller than those for the two other radars. This might be

due to underestimated beam-broadening corrections for MORRO and MAARSY.

4. Discussion and summary

High and positive cross correlations were found between PMSE measured by the
three radars for one- and three-day intervals. The PMSE signals behave similarly on
time scales as short as 2 hours (Fig. 4). Kirkwood et al. (1995) compared PMSE
measured by the CUPRI 50 MHz radar and EISCAT 224 MHz radars, at Esrange and
Ramfjordmoen, respectively. Based on more than 50 hours of joint observations, they
found that morphology of PMSE is close at the two different frequencies and at the
two sites. Here we made more accurate comparisons for PMSE at the same frequency

between three sites and found that PMSE altitude-time maps look very similar. We



O© 00 N N Wn b~ W N =

N NN N N N N NN e e e e e e e e
o N N A WD = O O 0NN R WD = O

29

30
31
32
33

can conclude that the processes producing the echoes have a horizontal extent more
than 250 km, the maximum distance between the sites. These processes should
include low neutral temperature field, ice particle and electron density fields.
Additionally, we showed that all three radars recorded the same waves. Some such
waves were seen during one day of observations, other ones were observed during
three days (e.g. wave with 6-hour period).

Spectral width of PMSE is related to the strength of turbulence (in the turbulent
theory of PMSE generation). We see from the comparison of the spectral widths at the
three sites that turbulence can be rather similar at all sites during some intervals.
There are also examples when turbulent fields have smaller extent than the distance
between sites. Turbulence is produced locally in the mesosphere but its sources (e.g.
breaking gravity waves) may originate from the lower heights. Then the echo spectral
widths reflect interplay between the turbulence sources and local conditions.
However, on average, turbulence strength shows the same behaviour for all three
sites: it increases with altitude. This is consistent with the results based on ESRAD
observations over the whole PMSE season as well as on PMSE observations by the
MARA MST radar located in Antarctica (S. Kirkwood, private communications). It
will be interesting to study further the processes responsible for such altitude
behaviour.

In summary, taking together the behaviour of PMSE strengths and spectral widths at
the three radars, we could suggest the following interpretation. There are large-scale
fields of neutral temperature, (charged) ice particles and electron density, which are
more or less uniform over 200-250 km horizontal extent and which vary in time in the
same way. In these fields, smaller patches of turbulence are embedded and moreover,
everything can be modulated by waves. Finally, this produces the PMSE patterns seen
by our three radars. It would be interesting to test this interpretation by using satellite
data on neutral temperature and ice particles (e.g. AIM satellite). However, this may

be a task for further research.
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1

2 Table 1. The radar and experiment parameters.

IMST radars

ESRAD

MORRO

MAARSY

Location

Geograph. coordinates
Frequency

[Transmitter peak power
Beam width
Exp/Analysis

|Altitude resolution

Time integration

Esrange, Sweden
67.9°N 21°E

52 MHz

72 kW

4.4°

fca 4500/FCA
600 m

~2 min

Ramfjordmoen, Norway
69.6°N 19.2°E

56 MHz

90 kW

50

vertical beam

300 m

~25s

Andenes, Norway
69.3°N 16°E

53.5 MHz

736 kW

3.6°

vertical beam

300 m

~6 min

12
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Figure 1. Volume reflectivities for ESRAD (top), SNR for MAARSY (middle)
and for MORRO (bottom) for 21 July 2011. The white vertical line indicates the

time of rocket launch.
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Figure 2. Altitude profiles of the PMSE mean values of volume reflectivities for
ESRAD (left panel) and SNR for MAARSY and for MORRO (right panel)
calculated over 24 hours for 21 July 2011. The blue horizontal line indicates the

&5.2 km altitude chosen as a reference altitude.
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both the altitude where cross-correlations were calculated (vetrical axis) and zero
level for the cross-correlation function. The distance between two adjacent blue lines

corresponds to 0.6 value of the cross-correlation.
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Figure 7. PMSE spectral widths corrected for beam broadening for ESRAD (top),
MAARSY (middle) and MORRO (bottom) on 21 July 2011. The blue vertical line

indicates the time of rocket launch.
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Figure 8. PMSE spectral widths for ESRAD (green), MAARSY (blue) and MORRO
(red) at 85.2 km altitude on 21 July 2011.
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Figure 9. Altitude profiles of the median values of PMSE spectral widths
calculated over 24 hours for the MAARSY, MORRO and ESRAD radars.
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