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AbStRAct

It is known that the presence of nanometre-scale ice particles and neutral air 
turbulence in the Polar summer mesosphere modify the D-region plasma, resulting 
in strong backscatter. These strong backscatters are referred to as Polar Mesosphere 
Summer Echoes (PMSE). Although studies on PMSE have been ongoing for over 
three decades, aspects revealed by various instruments are still the subject of dis-
cussion. As a sequel to the paper by Ogunjobi et al. (2015), we report on the long 
term trends and variations in PMSE occurrence probability from Super Dual Auroral 
Radar Network (SuperDARN) high frequency (HF) radar measurements over the 
South African National Antarctic Expedition IV (SANAE IV). In this current paper, 
a simple multiple-filter technique is employed to obtain the occurrence probability 
rate for SuperDARN-PMSE during the summer periods for the years 1998 - 2007. 
The SuperDARN-PMSE occurrence probability rate in relation to geomagnetic ac-
tivity is examined. The mesospheric neutral winds and temperature trends during 
these periods, are further studied and presented in this paper. Both the monthly and 
diurnal variations in occurrence are consistent with previous reports, confirming the 
presence of PMSE from SuperDARN SANAE IV radar measurements and the influ-
ence of pole to pole mesospheric transport circulation. The special mesospheric mean 
flow observed prior to the year 2002 is ascribed to the influence of solar activity. The 
SuperDARN-PMSE occurrence probability peaks with lowered geomagnetic activ-
ity. These present results support the hypothesis that the particle precipitation also 
plays an important role in SuperDARN-PMSE occurrence.
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1. INtRoDuctIoN

It has been known that from November to February 
in the southern hemisphere, lower temperatures (< 130 K, 
Lübken et al. 2004) are usually found at polar latitudes 
mesopause (about 90 - 100 km altitudes). This enables the 
charging ice particles from water vapor to grow at meso-
pause. The interactions of these charged ice particles and 
mesospheric air turbulence, initiated by propagating gravity 
waves, results in strong radar backscatter echoes (bragg’s 
scattering) in the high-latitude summer mesosphere (Rapp 
and Lübken 2004). Ecklund and Balsley (1981) earlier ref-
ereed such strong radar echoes as Polar Mesosphere Sum-

mer Echoes (PMSE). In the past few years, the PMSE have 
been closely linked to visible ice particles below 90 km al-
titude, known as Noctilucent Clouds (NLC) (Cho and Röt-
tger 1997; Rapp and Lübken 2004; Smirnova et al. 2010). 
Prequel to this paper, (Ogunjobi et al. 2015), we describe 
how the NLC and PMSE arise from the ice particle growth 
in an extremely low Polar summer mesospheric temperature 
periods. Both NLC and PMSE are good indicators (or sus-
pected indicators) of anthropogenic global warming. Due to 
the NLC measurement (which is strongly dependent on ob-
server and weather conditions) limitations, PMSE has been 
a plausible candidate. This is because PMSE observations 
with radar have the advantage of being continuous.

Since 1981 researchers observed several PMSE aspects 
using different instrument techniques. This ranges from 
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ground based radars to space based instruments (Ecklund 
and Balsley 1981; Kirkwood 1993; Palmer et al. 1996; Hoff-
mann et al. 1999; Rapp and Lübken 2004; Klekociuk et al. 
2008). However, PMSE observations from space are data-
starved, leading to huge gaps in the ability to understand all 
of the contributing processes. This is particularly true for 
the southern hemisphere, which often lacks both space and 
ground based observational data. There is a growing effort 
to complement PMSE observations with coherent high fre-
quency (HF) Super Dual Auroral Radar Network (SuperD-
ARN) (e.g., Ogawa et al. 2004; Hosokawa et al. 2005; Liu et 
al. 2013; Ogunjobi et al. 2015). Using data from Syowa East 
HF radar in the Antarctic (during 1999/2000 and 2000/2001 
summers) and Iceland HF radar in the Arctic (1999 and 2000 
summers), Hosokawa et al. (2005) observed a predominant 
diurnal PMSE variation, similar to Ogunjobi et al. (2015) 
observations, and a weaker PMSE interhemispheric asym-
metry occurrence than those earlier reported results. Even 
so, they noticed possible contamination from ionospheric E-
region echoes. Attempts have been made to eliminate such 
contamination and reported in the literature. Liu et al. (2013) 
extracted PMSE from SuperDARN Zhongshan HF radar in 
Antarctica (2010 - 2012 summer) when Kp ≤ 1. In keen con-
trast to Hosokawa et al. (2005), Liu et al. (2013) found a 
semidiurnal Variation in PMSE. This special diurnal charac-
teristics of PMSE from the Zhongshan was hypothesised to 
be the influence of auroral particle precipitation.

Based on this hypothesis, we have expanded our ob-
servations in this present study to cover at least a complete 
solar cycle phase. Here, we have analysed PMSE observa-
tions during maximum and minimum phases of solar cycle 
to add valuable insights in this field.

This paper presents long term PMSE observations with 
SuperDARN South African National Antarctic Expedition 
IV (SANAE IV) (71.68°S, 2.85°W) HF radar (hereafter re-
ferred as SuperDARN-PMSE) over the period 1998 - 2007. 
The monthly, diurnal, and interannual characteristics of 
SuperDARN-PMSE are determined and presented in the re-
sults and analysis section. We examined the SuperDARN-
PMSE occurrence rate in relation to geomagnetic activity 
and mesospheric wind flow measured by meteor radar. To 
confirm our previous suggestion on temperature variations, 
the temperature changes in relation to SuperDARN-PMSE 
have been further expanded.

2. INStRuMENtAtIoN AND DAtA ANAlySIS
2.1 SuperDARN SANAE IV Radar

Data from the SuperDARN SANAE IV radar is em-
ployed in this study. The antenna array consists of 16 an-
tennae operated as a phased array having 170° bore site. 
The radar uses approximately 12 MHz frequency. SANAE 
IV radar is technically and operationally similar to the 32 
other SuperDARN radars located at polar and mid latitudes 

(Greenwald et al. 1995; Lester 2013). The SuperDARN ra-
dars at different locations operate on a common configu-
ration for half of the daily operational time (Greenwald et 
al. 1995; Hosokawa et al. 2005; Lester 2013). During the 
common operational time, different SuperDARN radars are 
intercalibrated so that a backscattered power for one system 
can be quantitatively compared to any of the other radars. 
For instance, Villain et al. (2002) performed a statistical 
study of the Doppler spectral width of high-latitude F-region 
ionospheric echoes using six SuperDARN HF radars (Sas-
katoon, Goose bay, Kapuskasing, Thykkvibaer, Stokkseyri, 
and Hankasalami). For half of SuperDARN radars opera-
tional time, an internal consistency is usually maintained, 
using common parameters. During the remaining half of the 
SuperDARN HF radar observational time, parameters for 
individual radar is discretionary.

Only common mode Program data were selected for 
this analysis. During common time measurements, the Su-
perDARN radars are sequentially scanned from beam 0 to 
beam 15 across its total 75 slant range gates with a step in 
azimuth variation of 3.33°, a scan repeat time of ~2 min, a 
range resolution of 45 km, and a peak power of about 10 kW. 
The beams have maximum sensitivity at elevation angles of 
≤ 35° to allow backscatter echo detection. The return echoes 
for each beam are integrated over 3 or 7 s. Figure 1 shows 
the geographic field of view (FOV) of SANAE IV HF radar 
superimposed on geomagnetic coordinates, indicating the 
area covered by the entire radar beams (blue vertical lines). 
It is apparent that the radar is located near the auroral loca-
tion in the Antarctic region. The SuperDARN radar aspect 
sensitivity along auroral locations has been discussed in the 

Fig. 1. Maps showing the geographic coordinate (green-dotted lines) 
of SANAE radar fields of view superimposed on a geomagnetic co-
ordinate (thick line) in the Antarctic. The expected region of SANAE 
PMSE is shaded in red. (Color online only)
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study of Liu et al. (2013). The shaded portion (red) indi-
cates the probable PMSE observation region based on the 
SANAE IV radar aspect sensitivity. For clarity, the FOV 
indicates that E-region echoes can be detected using the SA-
NAE SuperDARN HF radar when the FOV intersects an 
auroral electrojet region.

It should be noted that the backscatter delays at slant 
range gate 0 is set to 1200 μs interpulse period (length), 
which is equivalent to 180 km [i.e, within the MLT (Meso-
sphere and Lower-Thermosphere) region]. The subsequent 
pulse length is set to 300 μs, equivalent to a length of 45 km.  
The oblique sounding technique of SuperDARN radar is 
such that it can detect coherent backscatters at higher alti-
tudes. At ionospheric E-region altitudes, plasma instabili-
ties can be detected simultaneously, due to the location of 
SANAE HF radar. Some of the proven overlapping plasma 
instabilities at PMSE height, however, include field aligned 
irregularities in the ionospheric E-region (sporadic E-region, 
Es, echoes) and meteor trail.

2.2 the Event

A systematic approach is needed to isolate a PMSE 
event from other overlapping or contaminating echoes. The 
data are processed using the multiple-filter approach in the 
following way:
(1)  Eliminates Es echoes (above 180 km). This is to limit 

the influx of strong echoes due to field aligned irregu-
larities where the angle between ambient geomagnetic 
field vectors and radar waves is about 90°, the so-called 
geomagnetic aspect condition. See Liu et al. (2013) on 
SuperDARN radar aspect sensitivity. Auroral E-region 
echo is removed by limiting spectral width and Doppler 
shift below 50 m s-1. This will allow extraction of only 
the inbound radial velocities as expected for PMSE with 
a shorter wavelength than that of the emitted pulse (Vil-
lain et al. 2002).

(2)  Meteor trail is removed by limiting the signal-to-noise 
ratios to above 6 dB. According to Ogawa et al. (2004), 
meteors are normally short-lived events (< 120 s scan 
time of SuperDARN radar) with < 6 dB signal-to-noise 
ratios.

(3)  The above conditions apply for all 0 - 15 beams. This 
condition is used as a further measure to avoid spuri-
ous events, especially, the expected few strong echoes 
due to field aligned irregularities from western-most and 
eastern-most beams.

Figure 2 describes the typical example of these back-
scatter features (power, width, and velocity) observed for 
21 December and April 2005, demonstrating the PMSE dis-
turbances in the signal returns from radar. During the sum-
mer solstice (Fig. 2 left), backscatters return are seen to be 
higher in comparison to 21 April 2005 (Fig. 2 right). This 
is different from the sequel paper in which observation is 

Fig. 2. Range-time color map of observed SuperDARN SANAE IV radar backscatter power, spectral width and Doppler velocity. The figure il-
lustrates for beam 12 near range gates on 21 December 2005. At 12:00 UT, PMSE occurrence is apparent at gate 0; Power is > 15 dB, Width  
< 36 m s-1, and Doppler velocity = -200 m s-1. (Color online only)
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limited to the near gates.
Figure 2 shows the range and time plot from beam 

12. The altitude range where PMSE might be reasonably 
expected to occur, which is the altitude range with super 
saturation with respect to ice, is within the first range gate. 
Figure 2 also illustrates the typical example of all backscat-
ter features (power, width, and velocity) showing the char-
acteristics of other contaminating echoes as observed for 
21 December. During the summer solstice on 21 Decem-
ber 2005, backscatter returns are seen to be larger at higher 
range gate. This is different from the sequel paper (Ogun-
jobi et al. 2015, Fig. 2), in which observation is limited to 
the near gate. Here it is apparent that echoes observed by 
SuperDARN radar are beyond 180 km. In this context, it 
should also be noted that the main problem with the Super-
DARN observations is their oblique viewing geometry and 
their very long range gates with a length of 45 km. Hence, 
the observations do not allow a direct verification of where 
the observed echoes originated from. However, the afore-
mentioned multiple-filter algorithm enables us to isolate 
and analysed the PMSE occurrence probability, which will 
be discussed subsequently. From many independent obser-
vations (satellite and ground based) over Antarctica (e.g., 
Hervig et al. 2009), it has been established that the PMSE 
season starts around mid-November and ceases in the end 
of February.

2.2.1 SuperDARN Neutral Wind Data

In addition to backscatters detection, SuperDARN ob-
servation of meteor trails within E-region (90 - 95 km) is 
associated with drift in neutral wind velocities which allows 
for studying the trends of meridional and zonal winds in re-
lation to SuperDARN-PMSE season. A detailed description 
of neutral winds tracking using SuperDARN radar can be 
found elsewhere (Hussey et al. 2000; Chisham et al. 2007). 
Hussey et al. (2000), for example, found a good agreement 
between neutral wind measurements from SuperDARN 
radar and medium frequency (MF) radar at an altitude of 
about 95 km. The advantage of MF radar wind observations 
are its good altitude resolution. Note, that winds are altitude 
dependent and thus meteor radar observations of neutral 
winds may only be relative and not high in altitude accuracy 
(Yukimatu and Tsutsumi 2002, 2003).

2.3 tIMED/SAbER

The TIMED/SABER (Thermosphere Ionosphere Me-
sosphere Energetic and Dynamics / Sounding of the Atmo-
sphere using Broadband Emission Radiometry) satellite was 
launched on 7 December 2001 into a 625 km circular orbit, 
with 74.1° inclination. The orbit period of TIMED/SABER 
is 102 min. SABER is measuring CO2 15 μm limb emis-
sion, which can be used to estimate the neutral temperatures 

up to approximately 130 km. In order to maintain a certain 
temperature in the instrument, SABER obtains profiles 
from 83°S to 52°N every 60 days and then switches to an 
analogous direction. Here, we acquire SABER temperature 
data only when it is over the vicinity of SANAE IV (i.e,  
71 +/− 4° latitudes and 2 +/− 10° longitudes). We have used 
only possible periods of SABER temperature measurements 
for the year 2002/2003, 2003/2004, 2004/2005, 2005/2006, 
and 2006/2007 summers. This, at least, covers the minimum 
phase of solar cycle period under study.

3. obSERVAtIoNS AND ANAlySIS
3.1 Diurnal Variation

Using SuperDARN HF radar data set covering about a 
decade, we examine SuperDARN-PMSE occurrence prob-
ability rate, based on the defined conditions. Figure 3 shows 
these conditions against local time (LT), which are (a) av-
erage power, (b) average Doppler velocity, and (c) spectral 
width of backscatter echoes averaged over the near range gate 
and at the interval from 1 November to 29 February, for the 
different years. Recall that these aforementioned parameters 
are conditions that define the SuperDARN-PMSE form.

It is evident from the figure that the echo parameters 
have predominant diurnal variations. We observe peak aver-
age power on the local noon and lower on the night sides, as 
shown in Fig. 3a. The usually low average power observe 
for 1999/2000 and 2004/2005 summer might be, perhaps, 
due to data gap that exists during these periods. Generally, 
the average power for all years have similar behavior and 
exhibit a broad peak structure with the higher peaks around 
11 - 14 LT. Between 10 and 14 LT, the average widths are 
below 20 m s-1 and then increase gradually with LT. The 
difference in spectral width variation for the different years 
is not obvious at both noon and night. In the early hours, 
we observe large spectral widths for echoes, probably as a 
result of particle precipitation near the aurora oval region 
(Tsunoda 1988). For spectral width and Doppler velocity 
(Figs. 3b and c), the local noon variation is deeper than 
that of the night. The measured Doppler velocities indicate  
diurnal variations and are mainly negative on the local noon 
(around 13 LT) with a value of -200 m s-1, and rise to zero 
at local midnight (around 22 LT), which indicates that the 
radar scatters are moving towards the radar. We found that 
there is no substantial difference in the diurnal variations of 
the Doppler velocity for all years; nonetheless, the values of 
the minima vary significantly between -200 and 0 m s-1 and 
the maxima between -50 and 50 m s-1.

The SuperDARN-PMSE occurrence probability rate 
averaged over the interval from 1 November to 29 Febru-
ary from the SANAE IV HF radar is shown in Fig. 4. Here 
the data were averaged using an hourly running mean for 
all years. The diurnal trends in the SuperDARN-PMSE 
occurrence rate show similar behaviour to those of radar 
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backscatter parameters. The occurrence probability rate 
exhibit diurnal trends for all year and are characterised by 
maxima as seen almost at the same times as that of radar 
power and minima almost at the time of minimum spectral 
widths and Doppler velocities. Note that there are broader 
maxima from 11 to 13 LT and minima between 20 to 22 
LT. The diurnal variation shapes are seen almost every year 
except 2002/2003 summer when the occurrence probability 
rate seems to have about 3 hour time lag. Assuming that 
SuperDARN-PMSE is a Poisson process, the hourly mean 
intervals from year to year rates should be described using 
an exponential distribution. Employing the maximum possi-
ble occurrence rate to evaluate the Cumulative Distribution 
Function (CDF), one finds that the probability of changes 
occurring by chance in the year-to-year SuperDARN-PMSE 
within an arbitrary 20 min interval is P = 1.0 - 2.5 from year 
to year.

Similar PMSE diurnal pattern variations were found by 
very high frequency (VHF) radar observations (Hoffmann 
et al. 1999; Morris et al. 2005; Latteck et al. 2007; Nils-
son et al. 2008). Hosokawa et al. (2005) observed similar 
diurnal results with Syowa and Iceland HF radar too. Also, 
a fitted diurnal model of PMSE variation by Klostermeyer 
(1999) show that, the contribution from solar ionisation and 
particle precipitation to diurnal variation of PMSE reflectiv-
ity is high. At high-latitudes, the ionisation of the MLT is 
mainly ascribable to the Lyman α radiation (Brekke 1997) 
and precipitation of magnetospheric particles (for instance, 
De Abreu et al. 2010; Ogunjobi et al. 2014a, b). The α ra-
diation can cause enhanced ionisation at the noon while the 
precipitation has a minimum at dawn (Codrescu et al. 1997). 
Thus, a superposition of both ionisation sources might be 
a likely explanation for SuperDARN-PMSE diurnal varia-
tions. A one-step way to ascertain this is by studying the  

(a) (b) (c)

Fig. 3. Diurnal variations of (a) average power, (b) average spectral width, and (c) average Doppler velocity at slant range gate 0 - 1 from 1998 - 
2007. (Color online only)

Fig. 4. Averaged diurnal variations of SuperDARN-PMSE occurrence rate from the years 1998 - 2007. (Color online only)
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geomagnetic activity dependence of SuperDARN-PMSE, 
details of which is presented later (section 3.3). Neverthe-
less, there are some discrepancies in the maximum and min-
imum occurrence temporal positions due to different condi-
tions and criteria such as power, width and velocity being 
employed for analysis in this study. Another plausible rea-
sons for temporal discrepancies might be the small changes 
in the shape of the diurnal variations from year to year.

Although, Liu et al. (2013) observed primary maxi-
mum PMSE occurrence near 0 LT and a secondary maxi-
mum near 13 LT while a distinct minimum was near 19 LT. 
Balsley et al. (1983) had earlier reported that the PMSE oc-
currence has a broad maximum at 1 - 2 hour after the local 
noon and that of the secondary peak usually appears around 
the local midnight.

The major cause of diurnal and semidiurnal PMSE 
occurrence is not yet completely understood. Several fac-
tors can affect the PMSE intensity, which includes electron 
density (Kirkwood 1993), 3 hr-shifted meridional winds 
(Hoffmann et al. 1999), temperature (Klostermeyer 1999), 
planetary waves (Klekociuk et al. 2008), and energetic par-
ticle precipitation (Liu et al. 2013). Nonetheless, it is clear 
to note that these factors are complex and have different 
contributions.

3.2 combined Monthly Variation

The monthly average of the echoes parameters from the 
near range gate can be compared with SuperDARN-PMSE 
rates. Therefore, we have combined the radar power, veloc-
ity and width measurements over the years 1998 - 2007 and 
grouped in terms of months (from January to December). 
Figure 5 shows mean monthly variations of: (a) average 
power, (b) average Doppler velocity, and (c) average spec-
tral widths.

It is evident from the Fig. 5a that, the combined aver-
age power is higher during the Antarctic summer solstice, 
which might probably be as a result of smaller backscat-
ter population owing to the solar radiation in summer. In  
Fig. 5b, we observe the high-level velocity around late Feb-
ruary and gradual decrease towards late November. The 
echoes Spectral widths are lesser around summer solstice 
as shown in Fig. 5c.

Based on the monthly average of the parameters, we 
examine the start and end periods of SuperDARN-PMSE 
peaks. The inter annual variations in the SuperDARN-
PMSE occurrence probability rate observed by SANAE IV 
HF radar during Antarctic summers of the years from 1998 
- 2007 are examined. To eliminate the influence of frequent 
data gap, the data (during common mode) are averaged with 
a running mean over 2 days. 

It can be seen in Fig. 6 that the highest peaks are shifted 
towards the summer solstice, suggesting that in the majority 
of cases, the SuperDARN-PMSE follows the initial condi-

tions of Power, Doppler velocity and spectral width. The Su-
perDARN-PMSE suddenly peak in early December, maxi-
mise around December solstice, stay at the highest level of 
about 50% to the early part of January and then decrease 
gradually to the end of February every year. Apparently, the 
increasing rates of SuperDARN-PMSE at higher power is 
attenuated towards the beginning of winter by larger spec-
tral width. Through the observational periods, there were no 
significant changes in the SuperDARN-PMSE occurrence 
rate trend.

These monthly variations are in agreement with other 
PMSE observations from VHF radars Bremer et al. (2009), 
for example, despite the difference in radar locations and 
experimental setup. These results also agree with previous 
PMSE observations with other radars despite the differenc-
es in location and time. Using the SuperDARN HF radar, 
Hosokawa et al. (2005) found that the PMSE occurrence 
at Syowa (1999 - 2000 and 2000 - 2001) and Iceland (1999 
and 2000) shows a sudden increase in the beginning of the 
summer, maximises days after the summer solstice, and a 
gradual decay to the end of January. Similarly, Liu et al. 
(2013) found an enhancement of PMSE intensity around the 
summer solstice using Zhongshan HF radar in Antarctica 
during 2010 - 2012.

(a)

(b)

(c)

Fig. 5. Combined Monthly variation of (a) average power, (b) average 
spectral width, and (c) average Doppler velocity at slant range gate 
0 - 1 from the years 1998 - 2007.
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3.3 Superdarn-PMSE occurrence in Relation to  
Geomagnetic Activity

As noted above in section 3.1, some radar observations 
not only examined the geomagnetic activity dependence of 
backscatter echoes, but also the physics of the mechanisms 
involved. In order to examine a possible connection between 
SuperDARN-PMSE and geomagnetic activity, we present 
the combine diurnal and monthly variations in SuperDARN-
PMSE occurrence rate at different geomagnetic activity lev-
els, using Kp index as proxy. The Kp is a measure of the 
strength of the solar wind driving the magnetosphere. The 
monthly average Kp index from the OMNI website (http://
omniweb.gsfc.nasa.gov) illustrates the average level of geo-
magnetic activities from the years 1998 - 2007 as shown in 
Fig. 7. On average, the level of Kp index varies for different 
years. However, the central tendency (mean) measure ap-
plication provides us with, at least, a qualitative information 
regarding how it varies from year to year. The year 2003 
appears to be the time of enhanced activities, with average 
Kp = 3 for several months, while in other years Kp is in 
the average of < 3. With the influence of solar cycle, one 
can assume that the yearly variation might not, necessar-
ily, separate into distinct categories when considering the 
higher activity of the year 2003. Kp seems to be generally 
high during the summer months, particularly November and 
December periods.

For clarity, however, the Kp values are grouped into 
three thresholds; Kp = 0 (quite time), Kp = 1 (low activ-

ity), Kp = 2 (moderate activity), and Kp ≥ 3 (strong activity) 
during the period from 01 November to 29 February. Based 
on these thresholds, we combine the diurnal and monthly 
SuperDARN-PMSE occurrence probability rate from 1998 
- 2007, as shown in Fig. 8.

In Fig. 8a, when Kp = 0, the diurnal and monthly 
SuperDARN-PMSE occurrence rate is shown. There is a 
high probability of the SuperDARN-PMSE occurrence dur-
ing the summer months, with a value of ~45%. At Kp ≤ 2  
(Figs. 8b and c), the SuperDARN-PMSE occurrence prob-
ability rates decrease to about 35%. We continue to observe 
reduction in SuperDARN-PMSE occurrence probability 
rate at Kp ≥ 3 (Fig. 8d) with about 10%.

We found a significant correlation between the Super-
DARN-PMSE occurrence probability rate and Kp index for 
the years 1998 - 2007 summers. The higher SuperDARN-
PMSE rates were obtained during lower geomagnetic activity 
and lower during a high geomagnetic condition. This might 
partly be the result of a polar hole near the SANAE IV aurora 
location and/or due to strong activity associated with auroral 
substorms (Crowley et al. 1993).

The polar cusp is the region where the solar wind gains 
direct entry to the magnetosphere, regardless of the physi-
cal processes in the interaction between the solar wind and 
the geomagnetic field. The intersection region of the cusp 
with the polar ionosphere and atmosphere is normally lo-
cated at higher geomagnetic latitude, which is the SANAE 
IV geomagnetic FOV region (Fig. 1), near the local sec-
tor of the auroral oval. It is well known that the intensity 

Fig. 6. Inter annual variations of SuperDARN-PMSE occurrence rate from the years 1998 - 2007. The data were averaged using a running mean over 
2 days for time interval from October until February.

http://omniweb.gsfc.nasa.gov
http://omniweb.gsfc.nasa.gov
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of auroral displays or precipitation in the auroral oval can 
be determined based on the geomagnetic conditions. In the 
proximity of the auroral oval, there is an enhanced iono-
spheric heating due to precipitating particles causing the 
SuperDARN-PMSE intensity to decrease with the electron 
temperature rising. This partly corroborates the Zhongshan 
radar observation (Liu et al. 2013), but the second mid-
night peak observed by Liu et al. (2013) is not consistent 
with our predominant diurnal variation. This might be due 
to complexity in the electrodynamic coupling between the 
solar wind and the middle atmosphere, which has been the 
exigent scientific challenge in the study of solar terrestrial 

interaction and atmospheric physics. Note that in this study 
we consider, primarily, geomagnetic activity. Precipitation 
due to geomagnetic activity is just a single parameter in a 
system of multiple variables, an effort is underway to exam-
ine the influence of some other parameters such as tides and 
gravity waves during the SuperDARN-PMSE occurrence.

In the prequel paper (Ogunjobi et al. 2015), we found 
no significant correlations between SuperDARN-PMSE oc-
currence rate and absorption. Intuitively, we expect high Kp 
index to cause robust cosmic noise absorption (Ogunjobi et 
al. 2014b); hence similar trend in the occurrence rate with 
Kp and absorption. Nonetheless, the inconsistency might 

Fig. 7. Monthly averaged Kp index in OMNI format from the years 1998 - 2007.

(a) (b)

(c) (d)

Fig. 8. Diurnal and seasonal contours for SuperDARN-PMSE at different geomagnetic activity levels: (a) Kp = 0, (b) Kp = 1, (c) Kp = 2, and (d)  
Kp = 3 over observational periods. (Color online only)
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be, partly, due to technical approach for obtaining Kp index, 
radar, and riometer measurements. The Kp index, for ex-
ample, is based on global geomagnetic field measurements 
and thus depends on the electron density above 100 km 
(Thomsen 2004), while cosmic noise absorption (as mea-
sured by riometer) is determined by height integrated elec-
tron density below 100 km (Clilverd et al. 2010). This study, 
in the context of geomagnetic activity dependence, presents 
a striking contrast to Bremer et al. (2009). This might be 
due to the submission of Liu et al. (2013). It was noted that 
HF radars (used in this study) cannot discriminate the echo 
height as accurate/correct as the VHF radar (used in Bremer 
et al. 2009). This is because of the poorer range resolution of 
HF radar relative to VHF types. Furthermore, SuperDARN 
HF radar make use of oblique sounding techniques and the 
echoes include other sources different from ionopshere di-
rectly above it, whereas VHF radar receives the echoes from 
the ionopshere directly above the radar.

3.4 Mesospheric temperature and Winds in Relation to 
SuperDARN-PMSE

Other factors, which might also induce significant in-
fluence on SuperDARN-PMSE occurrence probability rate 
is the neutral wind forcing, depending on its variability. 
Since SANAE IV is at near auroral oval location, we may 
expect neutrals to dominate. The trend of neutrals (neutral 
winds and neutral temperature) in relation to SuperDARN-
PMSE season might be significant. Here, we have expanded 
temperatures observations based on our explanation since 
Ogunjobi et al. (2015) (Fig. 8 of that paper). Here, we present 
the average SABER vertical temperature during November, 
December, January, and March of the possible years from 
2002/2003, 2003/2004, 2004/2005, 2005/2006, 2006/2007 
Antarctic summers in Fig. 9. It should also be said that it is 
generally accepted that PMSE are caused by the presence 
of nanometer-scale ice particles, which modify the plasma 
of the D-region resulting in backscatter due to neutral air 
turbulence. Analysis of microphysical parameters of meso-
spheric ice clouds in relation to PMSE (e.g., Hervig et al. 
2009) and the recent Solar Occultation for Ice Experiment 
(SOFIE) (Hervig et al. 2011), may be a quantitative expla-
nation in this context. Therefore, temperatures observations 
with SABER in relation to SuperDARN-PMSE can only 
be qualitative. This is because SABER temperatures are, 
perhaps, too large to quantitatively explain the existence of 
SuperDARN-PMSE.

Figures 9a - e have the trend of a lowering of meso-
pause temperature from December until January. These 
two months represent the relative period of maximum oc-
currence rate (note that SABER is mostly outside SANAE 
IV vicinity in February months). In December and January, 
temperatures decrease to about 150 K while SuperDARN-
PMSE rate also increases significantly to about 50% except 

for the year 2006 or 2007.
Conversely, we observe a decrease in mesopause tem-

perature in the months of November and March in compari-
son with SuperDARN-PMSE monthly distribution in Fig. 6, 
the mesopause temperature during November and March is 
generally seen to be > 180 K tied to lower (~10%) Super-
DARN-PMSE occurrence rate. Perhaps the temperatures in 
the austral mesosphere are closer to radiative equilibrium. 
This can only be true if the topography in the troposphere 
plays an important role (via gravity wave generation) in 
the mesospheric dynamics due to the orographic terrain in 
Antarctic (Lübken et al. 2004). Unfortunately, temperature 
measurements are not available in our region of interest dur-
ing February when the SuperDARN-PMSE rate gradually 
decreases. Nevertheless, temperature profiles during March 
illustrate what should be anticipated as it gets higher than the 
summer solstice. We expect mesospheric neutral wind flow 
to shed more light on this aspect.

For completeness, therefore, we extend the meridional 
and zonal wind observations over SANAE IV in relation to 
mesospheric temperature variations, which we earlier pro-
vided on a short-term scale in Ogunjobi et al. (2015). Present 
study has expanded on this for the purpose of clarity on the 
influence of solar activity. Here we obtained radar measure-
ments of mesospheric neutral winds from the years 1998 - 
2007. Note that this is meteor radar wind observation hence 
the caveat in section 2.2.1 applies. Figure 10 (top panel and 
bottom) presents contours of all the available monthly-mean 
winds. There is a data gap in early parts of 1998 and 2007 
from SANAE IV SuperDARN radar. This figure shows a 
clear indication of how the monthly-mean winds vary from 
year to year. Since the data analysis is based on monthly 
averages, we might ignore the short periodic waves.

In both meridional (Fig. 10 top) and zonal wind  
(Fig. 10 bottom), we observe a monthly pattern that repeats 
from year to year, at least in summer. In this current paper, 
we observe a special feature of neutral winds, prior to 2003. 
Comparison of Fig. 10 and Kp index (Fig. 8) shows that dur-
ing an enhanced solar activity, energetic particle precipita-
tion as well as levels of extreme ultraviolent (EUV) radiation 
could be high. Nevertheless, the quiet time electrodynamics 
of the Mesosphere and Lower Thermosphere (MLT) region 
might be driven mainly by tides and gravity waves propa-
gating upward from their source regions in the lower atmo-
sphere (Richardson et al. 2001; Ogunjobi et al. 2014b). It 
can be seen that prior to the start of the SuperDARN-PMSE 
peaks (November), the mean meridional winds become 
more positive and the zonal winds also grow significantly. 
Conversely, we observe a period of equatorward (negative) 
zonal winds starting from the middle of December to early 
January while the pole ward meridional winds are decreas-
ing. This period (mid-December to early January) repre-
sents the time of high peaks in monthly SuperDARN-PMSE 
occurrence probability rate (Fig. 6), which give further  
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(a) (b) (c)

(d) (e)

Fig. 9. From (a) - (e), SABER mean temperature pro les from 2002/2003 to 2006/2007 Antarctic summers. The black, red, light green, and blue 
line represents November, December, January, and March respectively. The measurements are obtained from SABER in the vicinity of SANAE 
IV Radar site location. (Color online only)

Fig. 10. Seasonal and year-to-year variations of meridional (top) and zonal (bottom) mean winds from the years 1998 - 2007. (Color online only)



SuperDARN SANAE HF Radar PMSE Observation 381

evidence on the role of mesospheric transport circulation in 
SuperDARN-PMSE generation, as discussed in Fig. 9 of our 
prequel paper (Ogunjobi et al. 2015). It is generally accepted 
that the middle atmosphere transport circulation is pole to 
pole with a rising motion in the summer hemisphere and the 
corresponding sinking in the winter hemisphere.

4. SuMMARy AND coNcluSIoN

We examined SuperDARN-PMSE from SuperDARN 
SANAE IV HF radar in relation to geomagnetic activity. 
We presented several SuperDARN-PMSE characteristics 
based on the nine (1998/1999 - 2006/2007) PMSE seasons. 
Variables sorted for includes diurnal variation, monthly 
variation, mesospheric temperature, and winds variation. 
The major characteristics noted are as follows:
(1)  Similar to previous observations, SuperDARN-PMSE 

monthly rate is enhanced at the beginning of December 
summer, remains at the highest level until several days 
after the summer solstice and then gradually decreases 
towards the end of February every year. The SuperD-
ARN-PMSE occurrence rate show diurnal variations 
with broader maxima from 11 - 13 LT and minima be-
tween 20 - 22 LT. No significant year-to-year variation 
is found in the diurnal SuperDARN-PMSE occurrence 
rate. The SuperDARN-PMSE peaks corroborates the 
previous suggestion on the influence of pole-to-pole me-
sospheric transport circulations in SuperDARN-PMSE 
generation.

(2)  The difference in the SuperDARN-PMSE occurrence 
rate is significant for different geomagnetic activity, Kp, 
levels. We observed significant influence of enhanced 
magnetospheric convection on SuperDARN-PMSE oc-
currence probability rate. When Kp = 0, we obtained 
~45% of SuperDARN-PMSE occurrence rate. At Kp ≤ 2, 
SuperDARN-PMSE occurrence probability rate reduces 
to about 35%. We continue to observe lowering of Super-
DARN-PMSE at Kp ≥ 3 with over 10% lower occurrence 
probability rate relative to quiet time. This is probably 
due to the SANAE IV location. In the proximity of the 
auroral oval, ionospheric electrons increases with the heat 
of precipitating particles due to geomagnetic storm caus-
ing the SuperDARN-PMSE intensity to decrease with the 
rising electron temperature. In addition, at high-latitudes, 
the ionisation of the MLT is mainly ascribable to the Ly-
man α radiation and magnetospheric particles precipita-
tion; we suggest that a superposition of both ionisation 
sources might be a likely explanation for fast reduction of 
SuperDARN-PMSE rates at higher Kp index.
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