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3

Abstract4

Polar Mesosphere Summer Echoes (PMSE) have been the subject of much research over the last 3 decades.5

The proposed dependence of PMSE occurrence on extremely low polar mesosphere temperatures have resulted6

in numerous efforts to obtain convincing correlations. For the first time, we report the PMSE occurrence7

characteristics over SANAE IV (South African National Antarctic Expedition IV). A matching coincidence8

method allowing filtration of possible contaminating echoes is described and implemented for extraction of9

SuperDARN–PMSE during the 2005–2007 summers. In this method, measurements from Riometer and Super10

Dual Auroral Radar Network (SuperDARN) are fitted to obtain SuperDARN–PMSE occurrence probability11

rate. We establish that the seasonal and diurnal variations followed the known features of PMSE. The oc-12

currence rate is found to be high in the summer months reaching ∼50% peak around the summer solstice.13

The PMSE occurrence on the day–to–day scale show predominantly diurnal variation, a broader maximum14

peak between 12–14 LT and distinct minimum of 22 LT. The use of quite day cosmic radio noise curves15

to filter ionospheric echoes from SuperDARN–PMSE detection does not change the SuperDARN–PMSE oc-16

currence variations. Seasonal variations show a connection between the SuperDARN–PMSE occurrence rate17

and mesopause temperature. Seasonal and interannual variations of SuperDARN–PMSE correlate with meso-18

spheric neutral winds. The SuperDARN–PMSE occurrence increased with the southward turning of meridional19

winds and zonal wind shear. The seasonal trend of both the meridional winds and zonal winds is repeated20

year–to–year. Analysis of the neutral wind variations indicates importance of gravity waves in SuperDARN–21

PMSE generation.22
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1 Introduction25

It is generally accepted that, during polar summer time, both charged ice aerosol particles and mesospheric neu-26

tral air turbulence play a significant role in the creation of electron number density (Rapp and Lübken, 2004).27

The interactions of the charged ice particle and turbulence results in strong radar backscatter echoes in polar28

mesopause (90–100 km) regions. These echoes are refereed as polar mesosphere summer echoes (PMSE). The29

PMSE are closely linked to visible ice particles below 90 km altitude, known as noctilucent clouds (NLC) (Cho,30

1997; Rapp and Lübken, 2004). The phenomena of NLC and PMSE arise from the formation of ice particles in the31

low temperatures of the polar summer mesopause. It has been suggested, nevertheless, that NLC and PMSE are32

comparatively different in their occurrence. NLC indicates the presence of thin water–ice particles, formed at low33

summer mesopause temperature, between 120 to 150 K (Hervig et al., 2009). Whereas, an additional precondition34

for PMSE occurrence is the presence of charged ice particles on the scale of Bragg’s wavelength. It is broadly35

noticed by the earlier researchers that the occurrence of PMSE is due the combination of atmospheric turbulence36

produced by gravity waves and electrically charged ice particles within the mesosphere (see, Rapp and Lübken,37

2004). Therefore, PMSE partly represent mesospheric features and to address the better understanding of neutral38

atmosphere and role of dynamics. Also, PMSE observations with radar have the advantage of being continuous,39
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unlike NLC which depends on the observer and weather conditions (Rapp and Lübken, 2004). In recent times,40

observations of PMSE have been found to support the understanding of temperature modification between the41

Arctic and Antarctic mesopause regions (Huaman and B., 1999). Intuitively, neutral wind circulation induced42

by gravity waves, is expected to result in a decrease temperature at mesospheric altitude, where ice particles43

can be formed from the water vapor. However, several characteristics of PMSE indicate that polar mesospheric44

temperature may be highly dynamic.45

46

Over the last 3 decades, coherent VHF radars have been found to be a useful tool in studying PMSE dynamics47

mostly in the Arctic regions (Ecklund and Balsley, 1981; Palmer et al., 1996; Hoffmann et al., 1999; Rapp and48

Lübken, 2004). Notwithstanding, the characteristics of PMSE and the occurrence rates in the Antarctic regions49

are not yet to be completely understood. There has been a notable absence of sufficient suitable measurements50

in Southern hemisphere. Nevertheless, the few coherent VHF observations from Antarctic indicate irregular51

distribution in PMSE due to complex mesospheric thermal phenomena in both hemispheres. These complex52

events range from periodic and episodic to perturbations to those on a global scale. Nonetheless, studies have53

observed PMSE at VHF frequency ranges in correlation and anti–correlation to temperature, neutral winds, par-54

ticle precipitation, cosmic noise absorption and gravity waves (Cho et al., 1992; Kirkwood, 1993; Röttger, 1994;55

Hoffmann et al., 1999; Klostermeyer, 1999; Liu et al., 2002; Klekociuk et al., 2008). There are ongoing efforts56

to complement the VHF observation of PMSE with that of coherent HF super Dual Auroral Radar Network57

(SuperDARN) e.g (Hosokawa and Ogawa, 2004; Ogawa et al., 2004; Hosokawa et al., 2005; Liu et al., 2013).58

Hosokawa et al. (2005), for example, developed an algorithm for extracting PMSE from SuperDARN Syowa HF59

radar in Antarctic and Iceland in Arctic. The algorithm was employed with a careful consideration of other over-60

lapping echoes such as meteor trails, and sporadic E–region echoes in the range of PMSE. The result of Hosokawa61

et al. (2005) shows weaker interhemispheric asymmetry in PMSE occurrence than earlier predictions based on62

VHF radar observations. A similar algorithm was also employed by Liu et al. (2013) for extracting PMSE from63

SuperDARN Zhongshan HF radar (69.41◦S, 76.41◦E). In order to avoid contamination from ionospheric echoes64

Liu et al. (2013) extracted PMSE from SuperDARN when Kp ≤ 1. It was suggested from their observation that65

the auroral particle precipitation might be a major contributor to the PMSE occurrence. During maximum solar66

activity, energetic particle precipitation and levels of Extreme ultraviolent (EUV) radiation could be high. It67

is however expected that solar quiet time electrodynamics of the Mesosphere and Lower Thermosphere (MLT)68

region will be driven mainly by gravity waves, tides and planetary waves propagating upward from their source69

regions in the lower atmosphere (Richardson et al., 2001). Here, PMSE observations with SuperDARN SANAE70

IV radar (71.68◦S, 2.85◦W), herein refer to as SuperDARN–PMSE, during the recent prolonged solar minimum71

add valuable insights in this field. Furthermore, understanding the dynamics of the Southern hemisphere PMSE72

variability requires evidence and characteristics from different locations and during different seasons (Morris et al.,73

2004; Jarvis et al., 2005).74

75

This paper presents first time observations of PMSE by a SuperDARN HF radar at SANAE. The summer pe-76

riods of year 2005–2007 solar minimum were analysed. Several factors (ionospheric irregularities aspect conditions,77

initial conditions and QDC) were taken into account to ensure that echoes were valid PMSE observations. Sea-78

sonal, diurnal and interannual variations were determined. Furthermore, we investigated the relationship between79

seasonal variations of PMSE occurrence rate and mesospheric neutral winds and furthermore analyse the effects80

of changes in monthly– and seasonal–mean winds associated with the begin of the SuperDARN–PMSE season.81

Finally, we briefly discussed possible temperature changes in relation to neutral winds during the occurrence of82

SuperDARN–PMSE.83

2 Instrumentation and data analysis84

Data from the SuperDARN SANAE IV radar is employed in this study. The radar uses the frequency band85

between 8 and 20 MHz. The antenna array consists of 16 antennae, which are operated as a phased array having86

170◦ bore–site. SANAE IV radar is technically and operationally similar to other 32 SuperDARN radars located87

at polar and mid latitudes. The SuperDARN radars at different locations use the same scanning parameters for88

50% of the entire instrument operational time (Greenwald et al., 1995; Hosokawa et al., 2005). The remaining89
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50% time, individual radar usage can be discretionary thus the parameters can be changed. The radar data used90

in the present analysis were obtained during periods of common time operation. In common time operation, the91

SuperDARN radar beam is sequentially scanned from beam 0 to beam 15 across its 75 range gates with a step in92

azimuth of 3.33◦, a scan repeat time at for 2 minutes, a range resolution of 45 km, and a peak power of about 1093

kW. The beams to have maximum sensitivity at elevation angles of 15◦–35◦ to allow backscatter echo detection.94

The return echoes for each beam are integrated over 3 or 7 s. The field of view (FOV) of SANAE IV radar in95

geographic and geomagnetic coordinates is presented in Figure 1. The FOV shows that SuperDARN SANAE96

IV radar is located at the sub auroral location suitable for observations of HF backscatters within the Antarctic97

region. The target of SuperDARN rdars re coherent. They include field aligned irregularities in the ionospheric98

E and F region, and of importance to this work, meteor trail, sporadic E regions echo and PMSE. The oblique99

sounding technique of SuperDARN is such that it can detect these backscatters simultaneously within the near100

range gates. The backscatter delays at the nearest range gate (0 gate) is set to 1200 µs pulse length, which is101

equivalent to 180 km. The subsequent pulse length is set to 300 µs, equivalent to a gate length of 45 km. In102

this study, the near range gate is taken from 0 to 1 which corresponds to a distance of 180–225 km. The near103

range gates correspond to mesospheric altitudes. In order to isolate PMSE from other contaminating echoes, a104

systematic approach is required (Hosokawa et al., 2005). Only PMSE, according to Hosokawa et al. (2005), has105

been judged to be present in the near gate if both spectral width and Doppler velocity measurements are less than106

50 m/s, and power is greater than 6 dB. However, this algorithm does not necessarily preclude contaminations107

from ionospheric E–region echoes.108

109

Figure 2 depicts the typical instances of these three forms of backscatter features. In Figure 2 (left panel), from110

top to bottom panels are range versus time plots of backscatter power, Doppler velocity and spectral width of111

echoes observed in which only beam 12 is displayed on 21 December 2005. During the period of summer solstice,112

backscatters return echoes were found to be higher compared to 21 April 2005 in Figure 2 (right panel). It is a113

probable that polar mesospheric summer echoes which might have contributed to the high rate of backscatters114

detected in the summer solstice. Discrimination of the PMSE from contaminated returns, such as ionospheric115

E–region echoes, needs other procedures which impose further restrictive conditions. The E–region irregularities,116

in particular is known be aspect sensitive(Liu et al., 2013).117

118

In order to eliminate the effects of E–region echoes or the background cosmic noise from PMSE detection,119

we follow two procedures. First, the range–time plot from the VirginiaTech website http://vt.superdarn.org120

was inspected for aspect angle conditions for the radar near ranges. We found that the aspect angle conditions121

could not have been met at gate 0–1. All the radar beams (0–15) were then inspected to ensure that at the radar122

near range, the aspect angle condition for E–region irregularity is not satisfied. Second, we use the ionospheric123

absorption measurements from the ground based riometer located at SANAE IV. E–region irregularities have124

been correlated with geomagnetic disturbances resulting in aurora (Greenwald et al., 1995; Zhang et al., 2013;125

Liu et al., 2013). On the other hand, the visible aurora is an effect of precipitating energetic particles inter-126

acting with the Earth’s magnetic field. The interactions can, perhaps, create steep electron density gradients127

and by extension cause cosmic radio noise at mesopause region over SANAE IV e.g (Ogunjobi et al., 2014; Wu128

et al., 2013). Riometers respond to the integrated absorption of cosmic ray noise through the ionosphere (Wilson129

and Stoker, 2002; Hargreaves and Friedrich, 2003) usually around 90 km altitude. The data from riometer may130

permit us to indirectly eliminate and thus allow us to avoid ionospheric echoes produced during the energetic131

particle precipitation into the atmosphere. In order to consider absorption signal caused by the precipitation132

during geomagnetic storm, we obtained a quiet day curve (QDC) for SANAE IV. By performing the QDC, a133

threshold of 1 dB was taken. In this work, only the events that fall below the QDC were retained as candidate134

SuperDARN–PMSE.135

136

Additionally, SuperDARN observation of meteor trails at 94 km is associated with drift in neutral wind veloc-137

ities which is useful in studying the trends of meridional and zonal circulations. Although SuperDARN radar is138

not specifically planned for wind observation, but it can be used to track neutral wind variation at mesopause al-139

titude. A detailed description of tracking, neutral winds using SuperDARN radar can be found elsewhere (Hussey140

et al., 2000; Chisham et al., 2007). It should be noted bowever, that winds are altitude dependent and thus meteor141

radar observation of neutral winds can only be relative. This caveat in using wind measurements from meteor142
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radar has been noted by Yukimatu and Tsutumi (2002, 2003). Recent updates on SuperDARN operations can143

also be found in Lester (2013).144

145

In order to examine any potential connection between SuperDARN–PMSE and mesospheric temperature146

we obtained the average of TIMED/SABER (Thermosphere Ionosphere Mesosphere Energetic and Dynamics147

/ Sounding of the Atmosphere using Broadband Emission Radiometry) vertical temperature. Details on how148

SABER is retrieved will be discussed later. Anyway, the TIMED satellite was launched on 7 December 2001. It149

is nadir–pointing and has 625 km circular polar orbit at 74.1◦ inclination and has a period of 102 minute. By150

step scanning the atmosphere limb, SABER, which is one of the four instruments on–board the TIMED satellite,151

measures the height profile of neutral temperature. In this study, the vertical temperature measurements in the152

vicinity of SANAE IV were obtained. It should be noted that in this study, winter refers to April–September and153

summer in October–March.154

3 Results and discussion155

3.1 Characteristics of SuperDARN–PMSE156

SuperDARN–PMSEs are judged present if certain conditions are met. Clean SuperDARN–PMSE events require157

backscatter power above 6 dB and, Doppler velocity as well as spectral width below 50 m/s. We shall refer to158

these conditions as initial SuperDARN–PMSE conditions. To eliminate possible enhanced cosmic noise, initial159

conditions were further subjected to background noise test using QDC. On the other hand, it has been known160

that ionospheric irregularity has aspect angle sensitivity. Thus, we ascertained that the aspect angle conditions161

for ionospheric irregularity was not satisfied at the radar near range gate. The occurrence rate was computed162

from the near range and then calculated in 10 minute intervals for the period under study.163

164

Figure 3 shows the SuperDARN–PMSE probability of occurrence, during the Antarctic summer seasons of165

2005/2006. During the summer months we have observed an increased number of PMSE occurrence. The166

SuperDARN–PMSE occurrence starts to to rise around November 2005, thereafter it has increased steadily upto167

December 2005, while having the highest number of occurrence during the end of January 2006. The probability168

rate of SuperDARN–PMSE occurrence peaks near the summer solstice at 50% for SANAE IV. These statistical169

results are similar to previous studies in VHF frequencies despite the differences in location, time and experi-170

mental setup of the radars. The seasonal variation is also similar to previous observations from HF radar. Using171

SuperDARN HF radar, Hosokawa et al. (2005) found that the PMSE occurrence shows a sudden increase in the172

beginning of the summer season, maximises days after the summer solstice, and a gradual decay to the end of173

January. This is in good agreement with PMSE observation by Hoffmann et al. (1999). It should be noted that,174

the determination of near range contamination depends on the specific location and the radar characteristics175

which might vary slightly from one radar to another. For instance,Liu et al. (2013) found that at Zhongshan176

HF radar station, there was a maximum peak near local midnight and secondary peak few hours after the local177

noon. They attributed this to role of precipitating energetic particles. They also showed that the aspect angle178

condition for ionospheric echoes could not have been satisfied at gate 0–2. Although we have seen similar trend179

for local noon but we can not find tendency for the midnight peak. This could be due to Zhongshan station being180

directly under the auroral oval. Solar wind can energise the radiation belt particles with enough energy to spiral181

into the atmosphere and produce aurora. This aurora precipitation is confined to a zone known as the auroral182

oval. It should be noted that SANAE IV is not directly under, but somewhat equatorward of, the auroral oval as183

Zhongshan. We prefer to be cautious with our conclusion regarding diurnal SuperDARN–PMSe occurrence rate184

here; because the atmospheric features such as planetary waves and tides may cause the PMSE diurnal trend185

to take longer time to be observable. Also, this observation is for a particular summer season thereby far from186

conclusive for SANAE IV PMSE.187

188

Referable to the above limitation in making conclusion regarding the diurnal trends, we studied the following189

summer for any significant inter annual variation over our region of interest. Figure 4 presents SuperDARN–PMSE190

occurrence for 2006/2007 over SANAE IV. There is no significant difference of inter annual SuperDARN–PMSE191
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variations. The probabilities of occurrence remains enhanced reaching a maximum peak of 50% for SANAE IV192

around the same summer solstice. The observed time for preceding summer season (Figure 3) reveals similar193

trend. The inter–annual similarity in the occurrence probability rate over SANAE IV could be due to a persistent194

situation during the declining phase of solar cycle. Since the events for SANAE IV quite times was extracted, the195

QDC employed might have probably filtered any contamination capable of inducing significant annual variability.196

197

The evidence of insignificant inter annual variation, allow us to combine diurnal SuperDARN–PMSE rates198

profile for both summers. The echoes rates were combined in a vector addition to yield hourly variation. In this199

method, for each hour of the day, a mean was taken of all the values for that hour over the summer seasons.200

This yielded a combined mean diurnal rate for both 2005/2006 and 2006/2007 summer months. In Figure 5,201

the diurnal variations in the SuperDARN–PMSE occurrence rate is characterised by the highest peaks around202

12 LT and minimal near 22 LT. The broad maximum obtained at 11–13 LT is also similar to previous VHF203

and HF observations in several high latitude locations. Similar to other HF radar study at Syowa, Hosokawa204

et al. (2005) observed diurnal maximum PMSE occurrence around 13 LT and minimum occurrence been 1 hour205

time lag compared to our observation. The similar diurnal trend was previously observed by Hoffmann et al.206

(1999) with a clear maximum at 13–14 LT and a pronounced minimum at 19–21 LT. However, using SuperDARN207

radar, Liu et al. (2013) noted a semidiurnal variation of PMSE occurrence at Zhongshan station. Their observed208

maximum PMSE occurrence was observed near 0 LT and a secondary maximum near 13 LT while a distinct209

minimum was near 19 LT. Balsley et al. (1983); Morrison et al. (2007); Latteck et al. (2008) had earlier reported210

that the occurrence of PMSE has a broad maximum at 1–2 h after the local noon and that the secondary peak211

usually appears around the local midnight. In this study, we did not observe such semidiurnal characteristics.212

Over the past few years, PMSE observations have shown maximal and minimal with different instruments used to213

examine it. Some discrepancies (usually ± 2 hr) exist in the determination of the temporal positions of maxima214

and minima. This can be due to sidereal time of the day, which differs from one location to another. It may also215

be linked to the aspect angle sensitivity of E–region echoes which may differ in the case of HF radars. In the216

case of VHF radars, the threshold of volume reflectivity and signal to noise ratio may result in some temporal217

discrepancies (Smirnova et al., 2010). Although the existence of the diurnal and semidiurnal variations has been218

widely reported, the causative mechanism is yet to be completely understood. In this study, we observed broader219

maximum of SuperDARN–PMSE at noon and a distinct mimimum at midnight. While this generally agrees with220

the previous observations, the discrepancies in terms of semidiurnal variations could be that PMSE occurrence221

could depend on numerous factors including: electron density (Kirkwood, 1993), 3hr–shifted meridional winds222

(Hoffmann et al., 1999), temperature (Klostermeyer, 1999), planetary waves Klekociuk et al. (2008) and energetic223

particle precipitation (Liu et al., 2013) at the same heights of PMSE.224

225

All these phenomena, in turn, depend on the longitudinal location of the observations. Liu et al. (2013), for226

example, argued that since Zhongshan Station lies under the auroral oval near 0 LT and around 13 LT, the auroral227

particle precipitation influence the PMSE occurrence. The auroral particle influence of Zhongshan PMSE could228

have resulted in the special diurnal variation with two distinct PMSE peaks despite the fact the Liu et al. (2013)229

used Kp index as proxy to avoid ionospheric echoes. In this study, we use cosmic radio noise absorption. There is230

an important difference between the indices and the noise absorption approach. The Kp index is valued based on231

global geomagnetic field measurements and thus depends on the electron density above 100 km; whereas cosmic232

noise absorption is determined by height integrated electron density below 100 km (Smirnova et al., 2010). Here,233

we found that the SuperDARN–PMSE occurrence probability does not have special diurnal variation showing two234

distinct peaks; rather, we observed only broader maximum at noon times and distinct minimum at midnight. The235

QDC employed together with the initial SuperDARN–PMSE conditions could have averaged out precipitating236

particles influence at SANAE IV. So, we can not, at this point, conclusively rule out the possibility of semidiurnal237

variability over SANAE IV. The way forward would require examination of the parameters used for the initial238

conditions. The trend of these parameters, without considering QDC or ionization, might be more correct method239

to reveal any background effects on SuperDARN–PMSE at SANAE IV.240

5



3.2 Velocity, width and power effect241

Figure 6 shows the monthly variation of mean Doppler velocity, spectral width and power. These aforementioned242

parameters are competing factors that may influence the form of the SuperDARN–PMSE. Since the average243

expected from near the range gate depends on the intensity on returns, these parameter trends is compared with244

SuperDARN–PMSE rates. In Figure 6 (a), we observe the high level velocity during the winter (around late245

March) and gradual decrease towards the summer (late November) when PMSE occurrence was increasing. The246

echoes Spectral widths in the winter months are larger than those in the summer months average of 200 m/s247

as shown in Figure 6 b). There are two broader maximum regions: first broader maximum is seen from July to248

September and second from April to June. The spectral widths generally decrease in the summer months when a249

significant PMSE occurrence was observed. In Figure 6 (c), the monthly variations of average power is similar to250

that of PMSE frequency of occurrence. Solar irradiation is usually high in the summer months, thus, low radar251

power is expected. The increasing rates of PMSE at lower power is attenuated towards the beginning of winter252

by larger values spectral width. This observation agrees with the SuperDARN–PMSE statistics shown in Figure253

3 and Figure 4. The highest distribution is shifted towards the summer solstice, suggesting that in the majority254

of cases, the PMSE follows the initial conditions. Therefore there is a similar PMSE trends with the Doppler255

velocity, spectral width and power. This might mean that the mechanism responsible for SuperDARN–PMSE256

variations reflected by the initial conditions, holds true. This is in agreement with HF–VHF radar observations257

at Syowa in Antarctica by Ogawa et al. (2004). The diurnal curves for velocity, width and power (not shown)258

also reveal similar trends as the day–to–day SuperDARN–PMSE variation.259

260

This analysis also provides an indirect confirmation on the relationship between cosmic radio noise absorption261

and SuperDARN–PMSE. The echoes distribution shown in Figure 7, with a 50% occurrence rate, was extracted262

without consideration to QDC (i.e PMSE extracted based on only velocity, width and power). Compared with263

Figure 3 and Figure 4 when QDC was employed shows that SuperDARN–PMSE has no significant correlation with264

cosmic noise absorption. This means that the aspect angle conditions not being met at near range, is indeed useful265

in isolating ionospheric echoes(Liu et al., 2013). This is in agreement with previous work, Barabash et al. (2002)266

did not find significant correlation between PMSE variations and cosmic noise absorption. In contrast, Morris267

et al. (2005) found a very weak correlation of PMSE and cosmic noise absorption. This may be attributed to268

long HF radar wavelength compare to VHF radar wavelengths. At HF, one is observing icy dust particle charging269

whereas at VHF one is observing electron diffusion, which requires strong density gradient and by extension270

peak cosmic absorption. With this observation, we suggest that long time study, i.e a complete solar cycle, of271

SuperDARN–PMSE over SANAE IV radar would confirm this statistical result. Other factors can also induce272

significant influence on PMSE if varies over many years, for example, the neutral wind forcing. Since SANAE273

IV is at sub–auroral location, we may expect neutrals to dominate. Though domination of neutral circulation274

at aurora D–region may be expected, the trend in relation to SuperDARN–PMSE season may be significant.275

Therefore, analysis of variations in both temperature and neutral winds would be considered.276

3.3 Temperature and neutral winds effect277

To investigate a possible connection between SuperDARN–PMSE and mesospheric temperature we present the278

average of SABER vertical temperature during the SuperDARN–PMSE seasons is presented in Figure 8. SABER279

is measuring CO2 15 µm limb emission which can be used to estimate the neutral temperatures up to approx-280

imately 130 km. In order to maintain a certain temperature in the instrument, SABER obtains profiles from281

83◦S to 52◦N during its south–looking mode and at every 60 days the look direction switches to an analogous282

North–looking mode. Here, SABER temperature measurements are during its south–looking mode. The data283

were then detected for the vicinity of SANAE IV (i.e, 71 +/− 4◦ and 2 +/− 10◦ latitude and longitude respec-284

tively). We combined temperature measurements for the year 2005/2006 and year 2006/2007 SuperDARN–PMSE285

season. It should be noted that there was no SABER temperature data for the February months as SABER was286

in North looking mode. From the figure (Figure 8) it can be seen that, close to the solstice, there is a lowering287

of mesopause temperature till January (i.e., 30 days after the summer solstice), whereas in March the vertical288

temperature starts to increase. Comparing with SuperDARN–PMSE seasonal distribution in Figure 7, which is289

very similar, leads us to inspect a linkage between the occurrence rate and temperature. Prior to the summer290
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solstice in November, the temperature is found to be approximately 149 K around mesopause region tied to291

around 10% superDARN–PMSE occurrence rate. In December, temperature is observed have decreased value292

reaching about 134 K while SuperDARN–PMSE rate also increased significantly (around 50%). Unfortunately,293

temperature measurements was not available in our region of interest in February when the SuperDARN–PMSE294

rate started decreasing. Nevertheless, temperature for March provides what should be anticipated as it increases295

up to 204 K with an occurrence rate being much lower than the pre–summer solstice. In order to make a quanti-296

tative analysis over the potential correlation between the aforementioned parameters, we have obtained neutral297

wind measurements from SuperDARN SANAE IV radar.298

299

SuperDARN radars were basically designed to detect ionospheric backscatter and to study the dynamics of300

the high–latitude ionosphere Greenwald et al. (1995). However, SuperDARN radars also detect echoes from301

other sources such as from meteor echoes. The radar detection of meteor echoes around 94 km altitude is as-302

sociated with velocity drift, which can be used to study neutral winds variation. Observation of neutral winds303

with radar may not be a perfect proxy as pointed out by Yukimatu and Tsutumi (2002, 2003) as wind velocity304

is altitude dependent. However, SuperDARN radar may track the neutral wind within 90–94 km, thus provide305

a good information regarding the trend of meridional and zonal winds in relation to SuperDARN–PMSE observed.306

307

Theoretical explanations of how the gravity wave drives meridional circulation from the winter to summer308

mesosopause is provided by Andrews et al. (1987). This driven circulation results in extremely low temperature at309

the summer mesopause–a condition necessary for PMSE occurrence. In order to test this theoretical assumption by310

Andrews et al. (1987) in relation with SuperDARN–PMSE observation, we investigated the change of meridional311

and zonal wind components. Further, we want to confirm if our previous analysis implies that the mechanism312

responsible for SuperDARN–PMSE variations is steady over the long term. Here we obtained radar measurements313

of neutral winds from the year 2002–2007. Figure 9 (top panel and bottom) presents contours of all the available314

monthly–mean winds. The gap in the Figures which covers the early part of 2007 results from data gaps in315

SANAE IV superDARN radar. This Figure provides a clear indication of how the monthly–mean winds vary316

from year to year. Since the data analysis is based on monthly averages, we might ignore the short periodic317

waves. In both meridional wind (Figure 9 top) and zonal wind (Figure 9 bottom) observed over SANAE IV, a318

seasonal pattern that repeats from year–to–year is evident, at least in summer. The most conspicuous feature is319

a period of strong equatorward (negative) meridional flow during the summer while the zonal wind shear became320

more poleward. Comparing with PMSE statistics shows that the SuperDARN–PMSE has a higher probability of321

occurrence with southward meridional wind and Eastward flow of zonal winds.322

The knowledge of variations in meridional and zonal winds in SuperDARN–PMSE season in relation to323

mesopause temperature is important. Understanding the temperature relation requires the understanding of ef-324

fects of tropospheric features in the mesopause. It is known that in the troposphere, the gravity waves can be325

excited by the current of air over mountains, thunderstorms, volcanic eruptions and earthquakes. This tropospheric326

gravity waves can propagate eastward or westward to the upper region of the atmosphere. Due to the presence of327

summer stratospheric westward (negative) winds, the eastward propagating gravity waves mode can arrived at the328

summer mesosphere, where they break (Lindzen, 1981; Offermann, 1985). Conversely, the westward propagating329

gravity wave mode, will reach the mesosphere in winter. The gravity waves breaking and the resulting momentum330

energy deposition to the mesopause will decelerates the zonal wind, and by thermal wind balances change the331

meridional temperature field (Lindzen, 1981; Schunk and Nagy, 2000). This will induce meridional circulation332

characterised by upwelling of the air mass at the summer polar mesopause. The upward lifting of the air mass333

causes its volume to expands adiabatically on the expense of internal energy of the parcel thereby temperature334

decrease (for example, Andrews et al., 1987). The equatorward wind observed in the summer (Figure 9 top)335

might have transported the cold air while the summer poleward wind in Figure 9 bottom may be associated with336

the warm air. In other words, the resulting the temperature decrease will be maintained throughout the summer337

mesopause by residual flow, aided by upwelling of the air mass and zonal–mean meridional flow. Generally, the338

equatorward flows of meridional circulations will induce cold air during summers. The cold air in turn is essential339

to ice particles which are formed from the water vapor–a condition that is partly required for PMSE occur-340

rence. This correlates well with the generally accepted hypothesis on conditions necessary for PMSE generation.341

Comparing the observed neutral wind trends, it could also be affirmed that SuperDARN–PMSE occurrence rate342

over SANAE IV is stable and with no interannual variability. Since the trend of summer meridional winds are343
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stable, it could infers that SuperDARN–PMSE has little significant inter annual variations. In a separate studies344

over Davis in Antarctica, Morrison et al. (2007); Morris et al. (2009) found changes in modulation of the PMSE345

in connection with meridional wind and the temperature structure of the mesopause region. In contrast, PMSE346

study at Andenes (Zeller et al., 2009) shows anti–correlation with temperature during the PMSE season in 2002.347

At that season, the mesospheric temperature over Andenes was anomalously high and close to the water vapor348

frost point. The implication is that PMSE occurrence might truly be more strongly influenced by other factors,349

such as planetary waves. However, there is yet to be adequate temperature measurements at SANAE IV and also350

temperature model parameters are somewhat subject to ambiguity at sub–auroral location. At aurora location,351

conductivity is not certain, electric field is dynamical, the linear coefficient between heating and cooling becomes352

less realistic. Also, the polar mesosphere and lower thermosphere (MLT) is too low for a total probe using in353

situ satellites thus measurements can only be estimate. A ground based LIDAR (Light Detection and Ranging)354

observation of temperature may provide a unique opportunity to fully study thermal responses including charged355

ice aerosol particles over SANAE IV. This will complement the present SuperDARN–PMSE observation in relation356

to polar mesopause temperature.357

4 Conclusions358

We have observed, for the first time, PMSE at near ranges of the SuperDARN SANAE IV radar. The observation359

used in this analysis were made during the 2005–2007 PMSE seasons. This period enable us to examine several360

characteristics of SuperDARN–PMSE during the recent solar minimum. After comparing the SuperDARN–361

PMSE occurrence with atmospheric features such as cosmic radio noise, winds and temperature, we come into362

the following conclusions.363

� The SuperDARN–PMSE seasonal rate is enhanced at the beginning of December summer, remains at the364

highest level until several days after summer solstice and then gradually decreases towards the end of365

February.366

� No interannual variation is seen in in the SuperDARN–PMSE occurrence probability rates, the maximum367

rate is 50% for different years.368

� The SuperDARN–PMSE occurrence on the day–to–day scale show predominantly diurnal variation, a369

broader maximum peak between 12–14 LT and distinct minimum of 21 LT.370

� The use of quite day curves to filter ionospheric echoes from SuperDARN–PMSE detection does not change371

the SuperDARN–PMSE occurrence variations hence it is not contaminated by cosmic noise absorption.372

� The seasonal variations of SuperDARN–PMSE are found to correlate with mesopause temperature. The373

occurrence rate increases with the lowering of neutral temperature.374

� The beginning of the SuperDARN–PMSE enhancement is associated with southward meridional winds and375

zonal wind shear.376

� The seasonal trend of both the meridional winds and zonal winds is very stable from year–to–year hence377

the SuperDARN–PMSE variabilities are reproduced year–by–year. Gravity waves which drives meridional378

winds, might be a major contributor to SuperDARN–PMSE generation.379
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Figure 1: Map showing the SANAE radar field of view (blue line) projected on a geographic (dash lines) and
geomagnetic (solid lines) coordinates.
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Figure 2: SuperDARN SANAE IV scatter plot of backscatter power, spectral width and Doppler velocity. Beam
12 near range gates on 21 December 2005 (Left panel) and 21 April 2005 (Right).
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Figure 3: SuperDARN–PMSE occurrence probability rate at SANAE IV during Oct 2005–April 2006 summer
season. The vertical dash line indicates December solstice.
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Figure 4: Same as Figure 3 but for Oct 2006–April 2007 summer season.
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Figure 5: Mean diurnal SuperDARN–PMSE occurrence over SANAE IV for the year 2005/2006 and year
2006/2007 summers.
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Figure 6: Monthly mean variation of SuperDARN SANAE IV radar Doppler velocity (top panel), spectral width
(middle) and power (bottom) from the year 2005 to 2007.
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Figure 7: Histogram represents the SuperDARN–PMSE occurrence probability distribution with initial conditions
during summer months.
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(dash–dot line) and March (dash line) SuperDARN–PMSE season in the vicinity of SANAE IV.
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Figure 9: Monthly–variations of meridional (top) and zonal (bottom) mean winds from the year 2002 to 2007.
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