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Abstract. Polar mesosphere summer echoes (PMSE) have
been observed for more than 30 years with 50 MHz VHF
radars at various locations in the Northern Hemisphere. Con-
tinuous observation of PMSE is conducted on the northern
Norwegian island of Andøya (69.3° N) using the ALWIN
radar (1999–2008) and MAARSY (since 2010). The same
kind of PMSE measurements began in 2004 in the Southern
Hemisphere with the Australian Antarctic Division’s VHF
radar at Davis Station in Antarctica (68.6° S), which is at an
opposite latitude to Andøya. Since the radars at both sites are
calibrated, the received echo strength of PMSE from more
than 1 decade of mesospheric observations on both hemi-
spheres could be converted to absolute signal power, allow-
ing for direct comparison of the measurements. Comparison
of PMSE observations obtained at both radar sites during a
period of 23 boreal summers (Andøya) and 15 austral sum-
mers (Davis) shows that their PMSE signal strengths are of
the same order of magnitude, but significantly fewer PMSE
are observed in the Southern Hemisphere than in the North-
ern Hemisphere. Compared to Andøya, the PMSE season
over Davis starts about 7 d later on average and ends 9 d
earlier, making it 16 d shorter. PMSE over Davis occur less
frequently but with greater variability in seasonal, diurnal,
and altitudinal occurrence. For example, PMSE over Davis
reach maximum altitudes about 1.5 km higher than those over
Andøya.

1 Introduction

Radar echoes in the very high frequency range (VHF)
from the mesosphere and lower thermosphere have been
detected from the Norwegian island of Andøya (69.30° N,
16.03° E) for more than 23 years. The strong echoes from
the mesopause region and above observed mainly in the sum-
mer months have been known as polar mesosphere summer
echoes (PMSE) for more than 30 years. PMSE result from in-
homogeneities in electron density of a size comparable to the
radar Bragg scale caused by neutral air turbulence combined
with the action of negatively charged aerosol or ice particles,
the latter existing only in the extremely cold mesopause re-
gion during the summer months. The existence of ice par-
ticles in the mesopause region or the resulting visual phe-
nomenon of noctilucent clouds (NLC) is known from various
ground-, rocket-, and satellite-based observations. The close
connection between PMSE and NLC was confirmed early on
by simultaneous and common-volume lidar and radar mea-
surements (e.g. von Zahn and Bremer, 1999). Early observa-
tions of PMSE and their relationship to NLC are discussed
in detail in Cho and Röttger (1997), while a comprehensive
overview of the current understanding of this phenomenon is
given in Rapp and Lübken (2004).

However, suitable measurements in the Southern Hemi-
sphere (SH) have been rare in the past and limited to low
southern latitudes, largely due to the lack of radars in the
southern polar region. The first experiments for PMSE ob-
servations in the Southern Hemisphere were conducted by
Balsley et al. (1993) at the Peruvian Antarctic base on King
George Island (62.1° S) called Machu Picchu during the aus-
tral summer of 1992/1993. Analysis of these observations
led to the conclusion that PMSE do not exist at this latitude
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(Balsley et al., 1993) or, if they exist at all, these echoes must
be at least 34 to 44 dB weaker than their NH counterparts
(Balsley et al., 1995). One year later, the first SH PMSE were
observed with the improved radar at Machu Picchu (Wood-
man et al., 1999). These observations confirmed the ear-
lier conclusions that there are large differences between the
strength of PMSE observed in the two hemispheres. Wood-
man et al. (1999) attributed this asymmetry to differences in
mesopause temperature between the two sites. Huaman and
Balsley (1999) suggested that differences in water vapour
and dynamics may be the cause of the observed delay in
the occurrence of PMSE. However, Lübken et al. (1999)
showed, based on in situ measurements, that there is no sig-
nificant difference in polar mesopause temperature between
the two hemispheres. Lübken et al. (2017), on the other hand,
showed with high-resolution temperature measurements us-
ing resonance lidar at Davis (68.6° S, 78.0° E) that a sudden
mesopause height increase and associated mesopause tem-
perature decrease can occasionally occur in the SH. These
so-called “mesopause jumps” only occur in the SH and are
associated with the late breakdown of the polar vortex.

Morris et al. (2004) presented the first morphology of
daily and seasonal occurrence of SH PMSE based on VHF
radar observations at Davis during 2003/2004 austral sum-
mer. They concluded that SH PMSE observed at 68.6° S had
similar characteristics to published observations (i.e. height,
intensity, daily, and seasonal distribution of occurrence) at
similar northern latitudes, at least for the last 3 weeks of
the austral PMSE season. Latteck et al. (2007) conducted the
first comparison of continuous measurements of PMSE col-
lected at Andøya (69° N) during the 2004 boreal summer and
at Davis (69° S) during 2004/2005 austral summer based on
radar volume reflectivity. They found that PMSE observed
at Davis were weaker and reached maximum altitudes about
1 km higher than those observed in the Northern Hemisphere
at an equivalent latitude. In addition, PMSE over Davis
occurred less frequently but with greater variability. The
PMSE seasons studied began about 34 d before the solstice
at Andøya and Davis, but the duration of the PMSE season
was about 9 d shorter at Davis. Another study that examined
continuous PMSE observations during three Arctic summers
at Andøya and three Antarctic summers at Davis confirmed
these statements (Latteck et al., 2008). The volume reflec-
tivity distribution of PMSE observed at Andøya showed a
larger maximum (∼ 2× 10−9 m−1) than the distribution of
its counterparts observed at Davis (∼ 4× 10−11 m−1). The
mean PMSE occurrence was smaller and more variable over
Davis than at Andøya. The duration of the mean PMSE sea-
son was about 16 d shorter at Davis than at Andøya. The
diurnal variations in PMSE occurrence showed a maximum
at 11–16 LMT (local mean time) in both hemispheres. The
mean altitude was 85.5 km at Davis, about 0.7 km higher
than at Andøya. The vertical extent of the PMSE height
distribution was 8.4 km over Davis, about 3 km less than at
Andøya. Differences in mesospheric temperatures were sug-

gested as a major cause of the observed differences in PMSE
occurrence at Davis and Andøya, as shown by model stud-
ies and supported by temperature measurements by meteor
radars. Kirkwood (2007) compared PMSE measured with
cross-calibrated VHF radars in the Arctic (Kiruna, 68° N)
and Antarctica (Wasa, 73° S) and found that the PMSE char-
acteristics of the two sites were very similar in late summer.

In this paper, the interhemispheric PMSE comparison is
revisited by including more than 1 decade of observations. It
is confirmed that the SH PMSE are indeed more climatolog-
ically variable in terms of season, time of day, and altitude
than their NH counterparts. The paper is structured as fol-
lows. The observations are described in Sect. 2, followed by
the climatological comparisons of reflectivity and distribu-
tion of occurrence as a function of season, time of day, and
altitude in Sect. 3, a discussion (Sect. 4), and a summary.

2 Observation of polar mesospheric summer echoes at
Andøya (69.3° N) and Davis (68.6° S)

Mesospheric radar echoes have been observed at the north-
ern tip of Andøya, Norway (69.3° N, 16.0° E), starting from
the early 1990s using the mobile SOUSY radar (Czechowsky
et al., 1984). From 1994, these observations continued dur-
ing summer measurement campaigns with the ALOMAR
SOUSY radar (Singer et al., 1995). ALOMAR SOUSY was
replaced in 1999 by the ALWIN radar (Latteck et al., 1999),
which was in continuous operation between 1999 and 2008.
ALWIN was followed in 2010 by the Middle Atmosphere
Alomar Radar SYstem (MAARSY) (Latteck et al., 2012).
During the construction phase of MAARSY in 2009, AL-
WIN was operated with a reduced number of antennas for
PMSE observations (Latteck et al., 2010). In the summer of
2010, the observation of mesospheric echoes could be contin-
ued with a first expansion stage of MAARSY (Latteck et al.,
2010). Since May 2011 MAARSY has been fully extended.
ALWIN was operated on a radar frequency of 53.5 MHz,
on which MAARSY continues to operate. Most of the other
technical parameters such as the transmitter peak power, the
filter characteristics of the receivers, or the antenna aperture
were different (Table 1).

The VHF radar at Davis, Antarctica (68.6° S, 78.0° E), was
installed in the late austral summer of 2002/2003 (Morris
et al., 2004). Apart from the radar frequency of 55.0 MHz
and the slightly lower peak power (see Table 1), the Davis
VHF radar was similar to ALWIN in its design and technical
parameters at the time of its installation. In January 2005, the
Davis VHF radar received a system upgrade, mainly replac-
ing the transmitter and beam control unit, and was changed
another time in 2014. Since that year, the radar was also
not operated in any special mode for mesospheric observa-
tions. Instead, the focus was placed on tropospheric mea-
surements. This was expressed among other things in an
increased pulse repetition frequency (4750 Hz) adapted to
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Table 1. Basic radar parameters and experiment configurations used with ALWIN, MAARSY, and the Davis VHF radar, relevant to the
determination of volume reflectivity from PMSE observations used in this study.

Radar ALWIN MAARSY Davis VHF radar

Period 1998–2008 since 2011 2003/2004 2005/2006 2007–2012 since 2014

Peak power Pt 36 kW 736 kW 20 kW 36 kW 60 kW 38 kW
Number of transmitting antennas 144 433 144 144 144 144
Transmitting antenna gain Gt 28.3 dBi 33.5 dBi 28.9 dBi 28.9 dBi 28.9 dBi 28.9 dBi
Number of receiving antennas 144 433 144 144 144 144
Receiving antenna gain Gr 28.3 dBi 33.5 dBi 28.9 dBi 28.9 dBi 28.9 dBi 28.9 dBi
Effective beam width (HPHW) θ[1/2] 2.12° 1.27° 2.12° 2.12° 2.12° 2.12°
Effective pulse width τ 2 µs 1.4 µs 4 µs 3 µs 3 µs 3.3 µs
System losses e 0.58 0.54 0.5 0.5 0.5 0.5
→ system factor csys 7.2× 10−9 1.3× 10−10 6.2× 10−9 3.9× 10−9 2.9× 10−9 3.83× 10−9

Number of coherent integrations 32 32 116 104 52 118
Number of code elements 16 16 1 8 8 1
Receiver gain 101 dB 101 dB 80 dB 80 dB 80 dB 70 dB
→ calibration factor cs 5.8× 10−20 1.6× 10−17 2.2× 10−22 2.1× 10−20 5.6× 10−20 5.7× 10−21

range-alias the PMSE altitude range such that mesospheric
echoes were recorded between approx. 17 and 30 km.

In order to use comparable parameters from data from dif-
ferent radars, the received echo power was converted to radar
volume reflectivity. The radar volume reflectivity η is de-
fined as the power that would be scattered if all powers were
isotropically scattered with a power density equal to that of
the backscattered radiation, per unit volume and per unit in-
cident power density (Hocking, 1985). It can be expressed
as

η =
Pr 128π2 2 ln(2) r2

PtGtGrλ2 e θ2
[1/2] c τ

, (1)

where r is the distance to the scatterers, Gt and Gr are the
one-way gain of the transmit and receive antennas respec-
tively, θ[1/2] is the effective half-width of the combined trans-
mit/receive antenna beam, λ is the radar wavelength, e is the
system efficiency, which mainly includes the antenna feed
system losses, Pt is the transmitted peak power, Pr is the re-
ceived signal power, c is the speed of light, and τ is the effec-
tive pulse width (Hocking and Röttger, 1997). The correction
term 2ln(2) accounts for the non-uniform antenna gain over
half the power width (Probert-Jones, 1962; Skolnik, 1990).
All the system-dependent parameters of Eq. (1) can be com-
bined into a system factor csys, as shown in Table 1 for the
different periods and radar configurations. Thus, the radar re-
flectivity η depends only on the distance to the scatterers r
and the absolute value of the received signal power Pr:

η = Pr · csys · r
2. (2)

The VHF radars at Andøya and Davis are calibrated reg-
ularly and specifically before and after all major engineer-
ing changes following a procedure described in Latteck et al.

(2008) and Appendix A1. A compilation of the main techni-
cal parameters of the radars used in this study and the param-
eters of the experimental configurations as used for standard
observations of PMSE are listed in Table 1. However, some
of the parameters listed there have changed in experiment
configurations during special campaigns.

3 Climatology of PMSE observed at Andøya
(1999–2022) and Davis (2005–2022)

3.1 Signal strength characteristics

The PMSE data sets reused in this study are based on 6 min
and 300 m averages of radar volume reflectivities of PMSE
observations from ALWIN and MAARSY and the Davis
VHF radar respectively. To use reliable values and exclude
outliers, PMSE events were detected and flagged in the data
sets. A PMSE event was defined as a radar reflectivity in-
crease above the detection limit, persisting for a minimum
duration of 24 min (equivalent to four consecutive averages)
within a single range gate.

Figure 1 shows the annual distributions of volume re-
flectivity of PMSE obtained by ALWIN (1999–2008) and
MAARSY (2010–2022) at 69° N (a) during the boreal sum-
mer periods (May–August) and by the Davis VHF radar
(2005–2022) at 69° S (b) during the austral summer periods
(November–February). The differences in minimum signal
detectability, which determines the left-hand slope of the dis-
tributions, are in the case of ALWIN and MAARSY mainly
determined by the size of the antenna array used and the dif-
ferences in peak power but are in general also affected by
fluctuations caused by changes in the radar experiment con-
figurations, especially by the use of different receiving an-
tenna configurations and the number of coherent integrations
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Figure 1. Annual distributions of volume reflectivity (dashed lines) of mesospheric echoes determined over Andøya (1999–2022, a) and
Davis (2005–2022, b). The blue and red bars represent the mean values.

Figure 2. Mean distributions of PMSE volume reflectivity obtained
by ALWIN and MAARSY at 69° N (blue) during the boreal sum-
mer periods (May–August) of 1999–2008 and 2010–2022 respec-
tively and those obtained with the Davis VHF radar at 69° S (red)
during the austral summer periods (November–February) of 2005–
2012 and 2014–2022.

Table 2. Extreme values and quantiles of mean annual distribution
of volume reflectivity of PMSE obtained by ALWIN (1999–2008),
MAARSY (2010–2022), and the Davis VHF radar during the peri-
ods 2005–2012 and 2014–2022.

m−1 Davis Davis ALWIN MAARSY
2005–2012 2014–2022 1999–2008 2010–2022

ηmin 2.5× 10−17 2.0× 10−16 1.6× 10−17 1.3× 10−18

ηpeak 5.0× 10−15 6.3× 10−15 7.9× 10−15 1.6× 10−15

ηmax 3.2× 10−10 2.0× 10−10 6.3× 10−9 4.0× 10−9

Q0.01 1.6× 10−16 6.3× 10−16 2.5× 10−16 1.3× 10−17

Q0.50 7.9× 10−15 1.0× 10−14 1.3× 10−14 3.2× 10−15

Q0.99 1.6× 10−12 1.3× 10−12 6.3× 10−12 4.0× 10−12

as often used within the observation periods for specific cam-
paigns (Latteck and Bremer, 2017). The annual distributions
of Davis volume reflectivity (Fig. 1b) show only a small vari-
ation. This is mainly due to the fact that other than changes
to the beam steering method to hardware-only, the antenna

was not changed during the entire period of the observations
studied. Changes in other system parameters were accounted
for by the system factor in Eq. (1) and receiver calibration.

The red and blue bars in Fig. 1 represent the mean dis-
tributions of volume reflectivity of PMSE obtained at Davis
(b) and Andøya (a) respectively. In Fig. 2, these mean an-
nual distributions of the volume reflectivity of PMSE (solid
lines) determined at both sites are compared in one diagram.
The additional curves are shown for Andøya and Davis for
the periods of major technical changes to the radar systems
at both sites. Because the antenna size of ALWIN and the
Davis VHF radar were identical and the other system param-
eters had comparable magnitudes (Table 1), the two systems
had almost directly comparable minimum detection sensitiv-
ities (dashed-dotted lines in Fig. 2).

The mean distribution of the volume reflectivity of the
observed PMSE covers a range beginning at the detection
limit of the radars and extending to a maximum value of
about 10−10 m−1 for the Davis radar and 10−9 m−1 for AL-
WIN and MAARSY, with peak values occurring at around
6.0× 10−15 and 7.9× 10−15 m−1 for Davis and ALWIN re-
spectively. The corresponding value for MAARSY is lower
at 1.6× 10−15 m−1 because of the greater sensitivity of the
system. The differences that can nevertheless be seen in the
comparison of the left-hand slopes of the results from the
Davis radar (red curves in Fig. 2) are due to an increased
background signal in the tropospheric region in the determi-
nation of PMSE events compared to the direct measurement
in the mesosphere, which in turn is due to the aliased PMSE
measurement within a tropospheric experiment at Davis from
2014.

The volume reflectivity quantiles, which are summarised
in Table 2, quantitatively confirm the above: 1 % of the
echoes detected by the Davis radar in the 2005–2012 period
(Q0.01) have a value of η ≤ 1.6× 10−16 m−1 and in the pe-
riod 2014–2022, it is η ≤ 6.3×10−16 m−1. Similarly, the re-
spective median value ofQ0.5 = 7.9×10−15 m−1 changes af-
ter 2012 to Q0.5 = 1.0× 10−14 m−1. The value Q0.01 of the
PMSE observations from ALWIN is η ≤ 2.5× 10−16 m−1,
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which is close to that of the 2005–2012 observations from
Davis. The same is true for Q0.5 = 1.3× 10−15 m−1 as the
median value of the ALWIN PMSE distribution, illustrat-
ing once again the direct comparability of the two sys-
tems. MAARSY’s values are correspondingly lower with
Q0.01 = 1.3×10−17 m−1 andQ0.5 = 3.2×10−15 m−1 due to
the higher sensitivity of the radar. Interesting are the differ-
ences in the maximum values ηmax and Q0.99 of the PMSE
distributions of the Northern and Southern hemispheres. If
the differences in ηmax range over 1 order of magnitude, they
are still different by a factor of about 4 in the statisticalQ0.99.

3.2 Seasonal, diurnal, and altitudinal occurrence
distributions

The minimum signal detectability of the radars used in this
study is caused not only by different system characteristics
as listed in Table 1 but also by changes in radar experi-
ment configurations, mainly by a change in the number of
coherent integrations used within observing seasons for spe-
cific campaigns. To obtain as unbiased a picture as possible
of the seasonal and daily variations in the occurrence rates
of polar mesospheric summer echoes, a lower threshold of
ηthr = 10−15 m−1 was set. This threshold is below the peak
ηpeak of the PMSE distribution from ALWIN and the Davis
VHF radar as listed in Table 2 but is also larger than the min-
imum volume reflectivity detected by all radars at Davis and
Andøya, and thus should cause nearly all detected PMSE to
have been counted regardless of variations in the minimum
detection limit. The chosen threshold of η ≥ 10−15 m−1 also
allows for qualitative comparison to other studies (e.g. Kirk-
wood et al., 2007; Latteck and Bremer, 2013, 2017; Sato
et al., 2017; Latteck et al., 2021).

3.2.1 Seasonal variation in PMSE occurrence

Figure 3 shows the mean seasonal and diurnal variation in
the occurrence frequency of PMSE measured over Andøya
(1999–2022) and Davis (2005–2022). Figure 3a and b show
the mean seasonal occurrence frequencies of PMSE nor-
malised by their maximum value. This plot allows for com-
parison of the seasonal dynamics of PMSE occurrence over
the entire altitudinal range of observations. A qualitative
comparison of mean absolute daily occurrence frequencies
is provided in Fig. 3c and d. Here, an occurrence is triggered
if the volume reflectivity exceeds the minimum threshold at
any altitude and at any time during the day. June/July and De-
cember/January are the months with the highest PMSE fre-
quencies in the Northern and Southern hemispheres respec-
tively. During these periods, PMSE were observed with an
average frequency of 82.2 % over Andøya but only 55.3 %
over Davis. The shape of the mean PMSE frequency distri-
bution in the left middle plot in Fig. 3 is similar and directly
comparable to the results of previous studies of PMSE occur-

Table 3. Earliest, mean, and latest onset and end of PMSE season in
Andøya (1999–2022) and Davis (2005–2022) for volume reflectivi-
ties ηthr = 10−15 m−1. The day numbers listed refer to the solstices
in the NH and SH.

PMSE season Davis Andøya

day date day date

Begin earliest −36 15 Nov 2009 −46 6 May 2018
mean −28 21 Nov −35 16 May
latest −20 1 Dec 2010 −17 4 Jun 2002

End earliest 51 10 Feb 2010 58 18 Aug 2010
mean 59 18 Feb 68 27 Aug
latest 66 25 Feb 2012 77 6 Sep 2022

Mean duration 88 d 104 d

rence over Andøya (Bremer et al., 2009; Latteck and Bremer,
2013, 2017; Latteck et al., 2021).

The PMSE season, analysed here based on volume reflec-
tivities η ≥ 10−15 m−1, begins in the Northern Hemisphere
on mean day−35 (16 May) and lasts to mean day 68 (27 Au-
gust) relative to the summer solstice (rts) with a standard de-
viation of 6.0 and 4.4 d respectively. One 24 min single-range
occurrence is sufficient to trigger the presence of PMSE
in this context. The earliest start of the PMSE season over
Andøya during the observation period was recorded on day
−46 rts (6 May 2018) and the latest start was on day −17 rts
(4 June 2002). The earliest end of the season was on day
58 rts (18 August 2010) and the latest end was on day 77 rts
(6 September 2022). The earliest start of the PMSE season
over Davis during the observation period was on day −36 rts
(15 November 2009), 10 d later than over Andøya, and the
latest start was on day −20 rts (1 December 2010), which
is only 3 d later compared to Andøya. The earliest end of
the season in the Southern Hemisphere was on day 51 rts
(10 February 2010), 7 d earlier than over Andøya, and the
latest end was on day 66 rts (25 February 2012), 11 d earlier
than over Andøya), which is shown by the vertical dashed
blue and red lines in Fig. 4. Thus, the mean start of the
PMSE season in the Southern Hemisphere is day −28 rts
(21 November) and the mean end is day 59 rts (18 Febru-
ary), with standard deviations of 5.4 and 4.0 d respectively.
This results in a significantly shorter mean PMSE season of
88 d in the Southern Hemisphere compared to 104 d in the
Northern Hemisphere, as illustrated by the curves in Fig. 4c
and summarised in Table 3.

3.2.2 Diurnal variation in PMSE occurrence

The mean daily variation in PMSE occurrence shown in
Fig. 3e and f over local mean time (LMT, the mean solar
time for a given location on Earth) has similar characteristics
in both data sets. PMSE at both sites occur clustered in the
morning and midday hours over the range of 82 to 90 km,
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Figure 3. Seasonal height distribution and variation in PMSE occurrence and their diurnal occurrence variation above Andøya (1999–2022,
a, c, e) and Davis (2005–2022, b, d, f). The occurrence rates refer to radar reflectivities above a common threshold of 10−15 m−1 and to the
number of 6 min averages per day (maximum 240). The seasonal height distribution of PMSE in (a) and (b) are normalised to its maximum.
The seasonal occurrence rates in (c) and (d) are based on the occurrence of a PMSE event at any range gate within a 6 min time bin. The
solid lines represent a 3 d running mean value. Panels (e) and (f) show the daily occurrence rate of PMSE normalised to its maximum.

with the diurnal pattern of this occurrence showing differ-
ences in the comparison of the two observations. For illus-
tration and quantification, Fig. 5 compares the multi-season
mean diurnal variation in both data sets. For this purpose,
the mean value over the altitude range 81–89 km was used
for the measurements from Andøya and the range 83–91 km
was used for the measurements from Davis. The daily varia-
tion in PMSE occurrence of the individual years refers only
to the measurement time, i.e. 100 % per range gate would
have been achieved if an echo had been recorded in the same
range gate in one of the daily time intervals of 6 min on all
days on which measurements were taken. The mean daily
PMSE occurrences over Andøya shown in the upper part
of Fig. 5 illustrate a pronounced pattern with large varia-
tion around a mean of about 20 % between midnight and
17:00 LMT. All mean trajectories also show a pronounced
maximum between 11:00 and 15:00 LMT, peaking on av-
erage around 13:09 LMT. In the period between 17:00 and
midnight, all mean diurnal traces show a pronounced min-
imum. In the 23-year mean response (blue curve), the fre-
quency rate drops sharply during this period to about 10 % at
20:42 LMT and then rises again to 20 % by about 01:30 LMT.
The morning course of the mean diurnal cycle shows a slight
first maximum at 06:17 LMT, which is very weak, indicated

by the strong variation in the maxima of the individual annual
cycles (black dots) around this time.

Such a first maximum is far more prominent in the individ-
ual and the averaged mean diurnal cycle of PMSE frequency
over Davis (Fig. 5b). The averaged mean diurnal cycle (red
curve) begins with a minimum of about 3 % at 23:26 LMT
(near midnight), then rises to the first maximum of about
16 % at 08:10 LMT, then drops somewhat to rise to about
18 % at 14:40 LMT for the second time, and then drops con-
tinuously until midnight.

The direct comparison of the averaged mean diurnal varia-
tion in PMSE occurrences from Andøya and Davis in Fig. 5c
shows a clearly asymmetric pattern in the Andøya data com-
pared to Davis. Also clearly visible is a larger offset of the
second maximum at local noon of 2.65 h in Davis compared
to 1.16 h in the observations from Andøya. The distance of
the local minima to each other is even larger at about 2.7 h.

3.2.3 Altitudinal distribution of PMSE occurrence

Figure 6a and b show the altitude distributions of the PMSE
occurrence rates of the individual measurement periods
(dashed black lines) and their mean values (solid lines) for
Andøya and Davis respectively. Figure 6c directly compares
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Figure 4. Seasonal variations in the frequency of occurrence of
PMSE in Andøya, 69° N (a), and Davis, 69° S (b). The solid blue
and red curves represent the mean values of the occurrence rates
over the entire observation period for Andøya and Davis respec-
tively. Panel (c) compares the mean occurrence rates for the PMSE
observations in Andøya and Davis for different time periods. The
vertical dashed blue and red lines mark the earliest and latest start
and end of the PMSE season observed in the NH and SH respec-
tively. The blue and red dots mark the mean start day and the mean
end day of the respective PMSE seasons.

the mean values for different measurement periods for both
sites. The thickness of the distributions at the half maximum
(stars in Fig. 6c) is ∼ 6 km at both sites. The peak of the
PMSE altitude distributions of the individual years is marked
with black dots in Fig. 6. The mean peak of the PMSE alti-
tude distributions over Davis is at an altitude of 86.1 km (red
dots), about 1.5 km higher than at Andøya site (84.6 km, blue
dots).

The individual profiles of the PMSE altitude distributions
for Andøya are characterised by a nearly Gaussian shape,
while for Davis they are not. The latter indicates an uneven
height distribution of PMSE frequencies, which is also evi-
dent in Fig. 3b and which is subject to year-to-year variation.
This fact is even more evident in the individual and clima-
tological seasonal variations in the peak altitudes of PMSE
occurrences, as shown in Fig. 7. The individual seasonal vari-
ations in peak altitudes over Andøya (dashed lines in Fig. 7a)
show much less variation compared to peak altitudes over
Davis (dashed lines in Fig. 7b). The mean seasonal variations

Figure 5. Mean diurnal variations in PMSE occurrence frequencies
obtained at Andøya, 69° N (81–89 km, a), and Davis, 69° S (83–
91 km, b). The solid blue and red curves represent the averaged val-
ues of the mean diurnal occurrence rates over the entire observation
period. Panel (c) compares the averaged mean diurnal occurrence
rates for the PMSE observations at Andøya (blue curves) and Davis
(red curves) for different time periods. The blue and red dots mark
the daily times of the first and second maxima and the minima of
the mean daily occurrence of PMSE over Andøya and Davis re-
spectively. The black dots indicate the corresponding times of the
individual seasons.

in peak heights of PMSE occurrence calculated for the mean
duration of each PMSE season (blue and red curves) illus-
trate, on the one hand, the difference in the mean distribution
of peak heights already mentioned and, on the other hand,
a non-uniform peak separation in the annual variation. Both
mean curves of the PMSE peak heights (Fig. 7c) show an
almost even spacing of about 1.2 km over a period of about
20 d at the beginning of the PMSE season. About 10 d before
the solstice, the mean PMSE peak altitude over Davis jumps
upward by about 1 km, while over Andøya it drops just be-
fore the solstice. As the season progresses, the PMSE peak
altitude over Davis decreases uniformly, while over Andøya
it remains nearly constant. About 20 d after solstice, the latter
starts to increase slightly, so that the PMSE peak altitude at
both sites has almost converged by the end of the season.
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Figure 6. Mean annual altitude distributions of PMSE occurrences obtained at Andøya, 69° N (a), and Davis, 69° S (b), during the boreal
summer period (May–August) of 1999–2022 and the austral summer period (November–February) of 2005–2022 respectively. The solid
blue and red curves represent the mean values of the altitude distributions of PMSE occurrences over the entire observation period. Panel (c)
compares the mean height distributions of PMSE for the Andøya (blue curves) and Davis (red curves) observations for different time periods.
The blue and red dots mark the mean peak heights of each PMSE occurrence, and the stars indicate the half-maxima of the distributions.

4 Discussion

This paper gives an overview of continuous measurements
of polar mesospheric summer echoes obtained with the VHF
radars ALWIN (1999–2008) and MAARSY (2011–2022)
on the northern Norwegian island of Andøya (69.30° N,
16.03° E) during 23 years of boreal summers and with the
VHF radar at Davis (68.6° S, 78.0° E) during 15 years of aus-
tral summers (2005–2012 and 2014–2022). The fact that the
radar systems at both sites have been regularly calibrated re-
sults in a unique data set that allows PMSE to be analysed
and compared in terms of seasonal, diurnal, and altitudinal
occurrence distributions, as well as in signal strength of the
received backscattered echo.

4.1 Signal strength of PMSE

Since ALWIN and the Davis VHF radar are comparable both
in the size of the antenna and in many technical parameters,
the distributions of the volume reflectivity (Fig. 1) from the
calibrated received signals of the mesospheric echoes are di-
rectly comparable in terms of their maximum values. Due to
the system-related differences between the instruments (Ta-
ble 1), the changes in the experiment setup in the course
of the respective measurement campaigns, and the enhanced
performance of MAARSY, the minimum signal detectability
is not constant over the entire measurement period consid-
ered. This leads to differences in the increasing slopes of the
individual as well as the mean distributions of the volume re-
flectivities (Fig. 2) calculated from the received signals of the
radars.

The mean distributions of the volume reflectivity of the
observed PMSE cover a range starting at the detection limit

of the radars and extending to a maximum value of about
1.45× 10−12 m−1 for the Davis radar and 5.15× 10−12 m−1

for ALWIN and MAARSY, in terms of all values up to 99 %
(see Q0.99 in Table 2). The ratio of the statistical maximum
values of the PMSE observations of the Northern Hemi-
sphere to the Southern Hemisphere is thus less than a fac-
tor of 4. Differences in observed maximum values of volume
reflectivities at this order of magnitude were already found
in the very first comparative study of PMSE observations at
Davis and Andøya (Latteck et al., 2007), despite being based
on only one measurement season of the Davis radar before its
modification at the end of January 2004. The very strong dif-
ferences of about 2 orders of magnitude between the Davis
and Andøya PMSE observations described in Latteck et al.
(2008), which are mainly based on the first two measure-
ment periods of the Davis radar after its reconstruction, are
not confirmed here and are likely due to inaccurate informa-
tion about a system parameter in the receive path of the Davis
radar after the modification at the time of the study (see Ap-
pendix A1). The results of the present study also do not con-
firm the conclusion of the very first observations of PMSE in
the Southern Hemisphere (Woodman et al., 1999) that there
are large differences between the strength of PMSE in the
two hemispheres but confirm the earlier observation of Mor-
ris et al. (2004, 2006), Kirkwood (2007), and Latteck et al.
(2007) that the volume reflectivity of PMSE in Antarctica is
similar to that of PMSE in the Arctic.

4.2 Seasonal, diurnal, and altitudinal variations in
PMSE

In order to obtain as unbiased a picture as possible of the
seasonal and daily variations in the occurrence rates of the
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Figure 7. Seasonal variations in mean altitude of PMSE occurrence
at Andøya, 69° N (a), and Davis, 69° S (b), during the boreal sum-
mer period (May–August) of 1999–2022 and the austral summer
period (November–February) of 2005–2022 respectively. The blue
(Andøya) and red (Davis) solid curves represent the mean seasonal
variation in peak height of PMSE occurrence over the entire ob-
servation period. Panel (c) compares these mean variations for the
observations in Andøya and Davis for different time periods.

PMSE, which could be caused by the system and experiment-
related differences in the detection limit of the radars (Ta-
ble 2), a minimum threshold of ηthr = 10−15 m−1 was set for
investigating the seasonal and diurnal variation in the occur-
rence of PMSE in both hemispheres. This threshold also al-
lows for qualitative comparison of the current results with
other studies (e.g. Kirkwood et al., 2007; Latteck and Bre-
mer, 2013, 2017; Sato et al., 2017; Latteck et al., 2021).

4.2.1 Seasonal variation in PMSE occurrence

The PMSE season in Davis (69° S) is more variable com-
pared to Andøya (69° N), both in terms of the length of the
season and the occurrence frequency within the season. This
is mainly due to the longer extent and greater variability in
the collapse of the polar vortex in the SH compared to the
NH (Lübken et al., 2015).

The shape of the mean seasonal variation in PMSE occur-
rence over Andøya (Fig. 3c) is similar and directly compara-
ble to the results of previous studies (Bremer et al., 2009; Lat-

teck and Bremer, 2013, 2017; Latteck et al., 2021). The direct
comparison with the Davis measurements in Fig. 4c shows
that significantly fewer PMSE were observed in the South-
ern Hemisphere during the 15 years under consideration. A
qualitative comparison of the mean absolute daily occurrence
frequency (Fig. 3c and d) shows that during the months with
the highest PMSE occurrence frequencies (June/July in the
Northern Hemisphere and December/January in the South-
ern Hemisphere), PMSE were observed with an average fre-
quency of 82.2 % over Andøya but only 55.3 % over Davis.

On average, the PMSE season in the Southern Hemisphere
starts 7 d later and ends 9 d earlier than in the Northern
Hemisphere, resulting in a significantly shorter mean PMSE
season of 88 d in the Southern Hemisphere compared to
104 d in the Northern Hemisphere. This feature was already
noted in an earlier study by Latteck et al. (2008) and at-
tributed to differences in the dynamic and thermal state of the
mesopause region in both hemispheres. PMSE are present
in both hemispheres in the summer as long as the equator-
ward winds transport cold air from higher to lower latitudes.
These meridional winds support the transport of NLC par-
ticles from higher latitudes, as shown by 3-D modelling of
the formation of noctilucent cloud particles (Berger and von
Zahn, 2007). In this context, the shorter PMSE season of the
SH is also reflected in the earlier transition of the merid-
ional winds to winter conditions (Dowdy et al., 2001; Morris
et al., 2006). The observed end of the PMSE season over
Davis at day 59 rts coincides with an increase in mesospheric
temperature measured by Lübken et al. (2004) with falling
spheres over Rothera (67° S) in January/February 1998. The
observed shorter PMSE season and especially the earlier end
in the Southern Hemisphere was also predicted by Lübken
and Berger (2007) with the LIMA/ice model. The model re-
produces the main PMSE characteristics observed by several
VHF radars in both the Northern Hemisphere and Southern
Hemisphere.

4.2.2 Diurnal variation in PMSE occurrence

The mean daily variation in PMSE occurrence shown in
Fig. 3e and f reflects similar signatures but also pronounced
differences in both data sets. PMSE occur more frequently in
the morning and midday hours at both sites over the range of
82 to 90 km, although the diurnal pattern of this occurrence
shows differences when comparing the two observations.

The mean daily occurrence of PMSE over Andøya (Fig. 5,
blue curves) shows a distinct pattern with large fluctua-
tions around a mean value of about 20 % between midnight
and 17:00 LMT. During this time, the pattern shows a pro-
nounced maximum between 11:00 and 15:00 LMT, peaking
on average at 13:09 LMT, and then continuously decreasing
towards a minimum of about 10 % reached at 20:42 LMT.

The pattern of mean daily PMSE occurrence over Davis
(Fig. 5, red curves) is similar to Andøya observations, but
the maxima and minima are shifted by 1.5 and 2.7 h respec-
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tively. The curve starts with a pronounced minimum of about
3 % at 23:26 LMT (near midnight), then rises to a clear first
maximum of about 16 % at 08:10 LMT, drops a bit to rise a
second time to about 18 % at about 14:40 LMT, and there-
after drops continuously until midnight.

Both the position of the absolute (second) maximum and
the minimum of the Andøya observations are consistent with
results of previous studies (e.g. Hoffmann et al., 1999; Bre-
mer et al., 2001; Latteck et al., 2021). Hoffmann et al. (1999)
compared the diurnal variations in PMSE signal strength
(signal-to-noise ratio) and the meridional wind component
at PMSE heights and found that both parameters have simi-
lar extreme values but are offset in time. On the assumption
that meridional winds can transport cold air from higher to
lower latitudes and warm air from lower to higher latitudes
and that cold temperatures are one of the necessary condi-
tions for the formation of PMSE, they concluded tempera-
ture changes induced by meridional tidal winds transporting
cold (warm) air from polar (equatorial) latitudes to the ob-
servation site can have a significant impact on the diurnal
variation in PMSE. Murphy (2002) and Murphy et al. (2006)
have measured short-term and seasonal variations in the am-
plitude and phase of tides in Antarctica. However, studies us-
ing the current data set based on monthly periods show that
the daily variations present in Fig. 3e and f do not exhibit
significant seasonal (monthly) changes in the positioning of
maxima and minima but rather annual changes in intensity.
This could imply that any local influence of tides on PMSE
is due to migrating tides, which tend to be stable, rather than
more variable non-migrating tides. Bremer et al. (2001) ex-
plained that the semi-diurnal variation in PMSE with maxima
at noon and midnight was due to the influence of the diurnal
variation in geomagnetic activity.

4.2.3 Altitudinal variation in PMSE occurrence

The peak of the PMSE altitude distribution over Davis is
86.1 km, which is about 1.5 km higher than the correspond-
ing value at Andøya (84.6 km) (Fig. 6). This is consistent
with a higher and colder mesopause along with warmer tem-
peratures at lower heights (Lübken et al., 2015). The abso-
lute value is slightly more than the 1 km difference reported
in Latteck et al. (2007), which was in good agreement with
observed polar mesospheric cloud (PMC) height differences
(Wrotny and Russell, 2006). The analysis of Halogen Occul-
tation Experiment (HALOE) data collected between 55 and
70° latitudes in both hemispheres revealed a mean height of
the PMC distribution in the Southern Hemisphere of 84.2 km,
which is 0.9± 0.1 km higher than the mean height of the
PMC distribution in the Northern Hemisphere of 83.3 km.
According to Wrotny and Russell (2006), the observed inter-
hemispheric differences in the vertical extent of PMCs could
be attributed to temperatures colder by 4–7 K, as seen in the
NH-HALOE temperature profiles between 75 and 86 km.

The thickness of the altitude distributions at the half max-
imum is about 6 km at both sites. The mean altitudes of
the individual years show a significantly closer concentra-
tion around the mean value for the measurements above
Andøya compared to the corresponding values at Davis. This
is also reflected in the annual distribution of the peak al-
titudes (Fig. 7). The mean PMSE altitude observed in the
NH shows an almost constant trend with a slight decrease
towards the middle of the season shortly after the solstice,
followed by a slight increase towards the end of the sea-
son (Fig. 7, blue curves). In the SH, the mean trend of peak
heights tends to decrease over the course of the season, but
it is significantly higher just before the solstice, at ∼ 89 km,
than during the periods before or after (Fig. 7, red curves).
Lübken et al. (2017) attribute this increase to mesopause
jumps, occasional sudden mesopause height increases and
associated mesopause temperature decreases, primarily but
not only observed prior and close to the solstice in the SH.
The conditions for mesopause jumps are associated with
the late breakdown of the polar vortex when stratospheric
winds are moderately eastward and mesospheric winds are
strongly westward. Under these conditions, gravity waves
with comparatively large eastward phase speeds can pass the
stratosphere and propagate to the lower thermosphere be-
cause their vertical wavelengths in the mesosphere are rather
large, implying enhanced dynamical stability. When finally
breaking in the lower thermosphere, these waves drive an
enhanced residual circulation that causes a cold and high-
altitude mesopause (Lübken et al., 2017). The general down-
ward trend of PMSE peak altitudes observed over Davis
specifically after the summer solstice is accompanied by the
observed downward propagation of the mesopause in the SH
(Lübken et al., 2015), which was explained in Becker et al.
(2015).

5 Summary and Conclusions

Continuous radar observations of the polar mesosphere were
made at Andøya (69.30° N, 16.03° E) and Davis (68.6° S,
78.0° E) during 23 years of boreal summers (May–August) of
1999–2008 and 2011–2022 and 15 years of austral summers
(November–February) of 2005–2012 and 2014–2022 respec-
tively. This interhemispheric PMSE comparison incorporat-
ing more than 1 decade of observations confirmed that the SH
PMSE are indeed more climatologically variable in terms of
season, time of day, and altitude than their NH counterparts.
The results of studies of PMSE in terms of the variation in
their seasonal and daily occurrence as well as the volume
reflectivity of the received backscattered echo power can be
summarised as follows:
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– PMSE volume reflectivities observed at locations of
comparable latitudes in the Northern and Southern
hemispheres are similar. The maximum volume reflec-
tivities of the measurements from Davis (69° S) have
only a slightly lower peak volume reflectivity of about
1.5× 10−12 m−1 compared to 5.2× 10−12 m−1 over
Andøya (69° N).

– Fewer PMSE are observed in the Southern Hemisphere
than in the Northern Hemisphere. The mean PMSE sea-
son based on 23 years of observations in Andøya be-
gins on 16 May (day −35 rts), lasts 104 d, and ends
on 27 August (day 68 rts). In contrast, the mean PMSE
season based on 15 years of observations at Davis be-
gins on 21 November (day−28 rts), lasts 88 d, and ends
on 18 February (day 59 rts). The average occurrence of
PMSE for volume reflectivities η ≥ 10−15 m−1 at 69° N
in June/July is 82.3 % while the average occurrence of
PMSE in December/January at 69° S is 55.3 %.

– The mean diurnal variation in PMSE frequencies in the
Northern Hemisphere shows a nearly continuous course
between midnight and about 17:00 LMT with a max-
imum at 13:09 LMT, which then leads to a sharp de-
crease to a pronounced minimum at 20:42 LMT. The
mean diurnal pattern of PMSE frequencies in the South-
ern Hemisphere, on the other hand, shows a nearly sym-
metrical pattern, starting and ending with a minimum
near midnight and two pronounced maxima at 08:10 and
14:40 LMT.

– The altitude distribution of the PMSE occurrence in
the Southern Hemisphere reaches its mean value at
∼ 86.1 km about 1.5 km higher than at Andøya.

– The mean PMSE altitude observed in the NH shows an
almost constant trend with a slight decrease towards the
middle of the season shortly after the solstice, followed
by a slight increase towards the end of the season. In the
SH the mean PMSE altitude tends to decrease over the
course of the season but is significantly higher just be-
fore the solstice than during the periods before or after.

According to the results of the present study, the ques-
tion raised by Balsley et al. (1993), “Southern-hemisphere
PMSE: Where are they?”, could be answered as follows: they
can be found on average further south and at higher altitudes
but are more variable than those over the Northern Hemi-
sphere.

Appendix A

A1 Radar calibration

The VHF radar systems on Andøya (ALWIN and MAARSY)
and the Davis VHF radar were regularly calibrated accord-
ing to the methods described in Latteck et al. (2008). For

Figure A1. Principle of radar calibration (Latteck et al., 2008) us-
ing (a) a calibrated noise source and (b) the delayed and attenuated
transmitted signal.

this purpose, the signal of a calibrated noise source and the
attenuated transmit signal were fed directly into the receiv-
ing system, which usually consists of a front-end amplifier,
a baseband receiver, and a digitiser. The basic setup of both
methods is outlined in Fig. A1.

Most of the calibration measurements of the Davis and the
Andøya VHF radars were performed with setup b shown in
Fig. A1, since this leads directly to the calibration factor cs
for coherently received signals. The transmit signal is taken
from the antenna port using a directional coupler, delayed
by 100 µs using an ultrasonic delay line, corresponding to a
virtual detection at 15 km at 53.5 MHz, and fed into the in-
put port of the receiver. In the linear dynamic range of the
receiver system, the calibration factor cs is obtained by com-
paring the output power Ps.out in arbitrary units with the in-
jected input power Ps.inp in watts:

cs =
Ps.inp[W]
Ps.out[au]

, (A1)

as listed in Table 1 for different measurements.
When the Davis VHF radar was upgraded on 22 Jan-

uary 2005, changes were also made to the beam steering unit
(BSU), which assigns the signals of the six transmitter out-
puts and six receiver inputs and associated phase offsets to
the 36 antenna groups for beam steering. These changes re-
sulted in additional attenuation of the received signals, which
is not captured by the calibration method described above.
The resulting distribution of the determined volume reflec-
tivities (dashed black line in Fig. A2) led to unrealistically
small values compared to the measurements before the up-
grade (black line in Fig. A2). This also becomes clear when
comparing the solid black curve from Fig. A2 with the dash-
dot curve in the left-hand figure of Fig. 1 in Latteck and Bre-
mer (2017), which represents volume reflectivities of the AL-
WIN radar comparable at that time.

From the comparison of the mean values of the volume
reflectivities greater than Q0.99 of the distributions before
the upgrade (solid black curve in Fig. A2) and the corre-
sponding values for the same period of the 2005/2006 season
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Figure A2. Mean distributions of PMSE volume reflectivity ob-
tained with the Davis VHF radar at 69° S during the austral sum-
mer periods (November–February) of various periods using 24 out
of 144 antennas for receiving (lines). The red bars represent the
mean annual distribution (2005–2022) of PMSE volume reflectiv-
ity obtained with the Davis VHF radar using all 144 antennas for
receiving as used in this study.

(dashed red curve in Fig. A2), a correction factor to the cali-
bration factor for after the upgrade was determined, which is
the missing part describing the attenuation properties of the
BSU. The solid red curve in Fig. A2 shows the distribution
of PMSE volume reflectivities obtained from Davis PMSE
measurements of one receive channel (24 antennas) with the
corrected calibration factor for 2004–2012.

During the 2012/2013 PMSE season, further changes were
made to the BSU on the Davis VHF radar, which resulted
in the calibration method described above being applicable
again. The comparison of the red curves in Fig. 2 shows
the good agreement of the distributions before and after the
2012/2013 reconstruction. The red bars in Fig. A2 and the
solid red curve in Fig. 2 represent the mean annual distribu-
tion (2005–2022) of PMSE volume reflectance obtained with
the Davis VHF radar but using all 144 antennas for the recep-
tion as used in this study.

Data availability. The occurrence rates determined from the radar
measurements, which were used to create the figures presented in
this article, can be found in MAT data format at the following ad-
dress: https://doi.org/10.22000/1107 (Latteck, 2024).
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