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Abstract 24 

 We report ground‐based measurements of the polar middle atmosphere made using a 25 

230-250 GHz passive microwave radiometer deployed at Troll station (72°01’S 02°32’E, 26 

L-shell of L = 4.8), Antarctica.  Our observations show enhanced mesospheric nitric 27 

oxide (NO) volume mixing ratio (VMR) during a series of small recurrent geomagnetic 28 

storms in the 2008 austral winter, reaching 1.2 ppmv on day 200 (18 July).  The Lomb 29 

normalized periodogram of the NO VMR time series averaged over 65-80 km for days 30 

130 to 220 of 2008 (9 May to 7 August) shows a peak exceeding the 95% confidence 31 

limit at 25.8 days, close to the synodic rotation period for low-latitude solar coronal 32 

holes.  The highest correlations between the radiometer NO VMR data and trapped and 33 

quasi-trapped electron count rates for L = 3.5-5.5 from the Polar Orbiting Environment 34 

Satellites 90° telescope are for the >30 keV (90e1) channel (rmax = 0.56, lag time of 35 

5.1 days) and >100 keV (90e2) channel (rmax = 0.57, lag time of 4.4 days).  Maximum 36 

correlation between NO VMR and the >700 keV (90P6) channel data is lower but lag 37 

times are close to zero.  Superposed epoch analyses for the eight most significant 38 

geomagnetic storm periods and three Carrington rotations (2070-2072) within the 90-day 39 

observation period indicate that significant NO abundance observed at 65-80 km in the 40 

Antarctic mesosphere may be produced directly by >200 keV electron precipitation or 41 

originate from a source at higher altitudes, e.g. production by >30 keV electrons followed 42 

by downwards transport. 43 

  44 
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Index Terms 45 

Ion chemistry of the atmosphere; Middle atmosphere - composition and chemistry; 46 

Middle atmosphere: energy deposition; Particle precipitation; Middle atmosphere 47 

dynamics. 48 

Keywords: nitric oxide, energetic particle, mesosphere, thermosphere, polar. 49 

1. Introduction 50 

 Production of the odd nitrogen (NOx) species nitric oxide (NO) and nitrogen dioxide 51 

(NO2) in the middle atmosphere by energetic electrons and protons, and its effect in 52 

chemically perturbing stratospheric ozone distributions, is well established [e.g., Brasseur 53 

and Solomon, 2005; Sinnhuber et al., 2012].  In the thermosphere and upper mesosphere 54 

NOx exists mainly as NO but below 65 km conversion to NO2 occurs [Solomon et al., 55 

1982].  The chemical lifetime of NOx in the sunlit mesosphere and lower thermosphere is 56 

typically one day [Shimazaki, 1984; Solomon et al., 1999].  During the day, NO2 is 57 

converted to NO either by reaction with atomic oxygen or by photolysis at wavelengths 58 

shorter than 405 nm.  In the upper stratosphere and above, NO is photolyzed in the δ-59 

bands to generate N(4S).  This reacts with NO, causing a loss of odd nitrogen during 60 

daytime.  In darkness NOx has a lifetime of months and can be transported downward by 61 

the polar vortex at high latitudes during winter [Siskind et al., 2000].  Atmospheric 62 

circulation models and re-analysis meteorological data have indicated that changes in 63 

ozone abundance due to NOx arising from energetic particle precipitation can affect polar 64 

surface air temperatures by as much as 4 K [Rozanov et al., 2005; Seppälä et al., 2009; 65 

Baumgaertner et al., 2011]. 66 
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 Intense solar storms can greatly increase stratospheric NOx abundance, leading to 67 

temporary >60% ozone loss and perturbing levels of trace species for up to 12 months 68 

[Jackman et al., 2009].  Such solar proton events (SPE’s) occur sporadically, last a few 69 

days, and deposit 1-500 MeV protons into the stratosphere and mesosphere over the polar 70 

caps.  NOx may be produced more frequently and persistently in the polar middle 71 

atmosphere by energetic electron precipitation (EEP) from the Earth’s magnetosphere 72 

than by solar protons [Randall et al., 2005].  The processes by which these electrons 73 

impact stratospheric ozone and the role of atmospheric transport on those processes are 74 

uncertain.  At geomagnetic latitudes of 70°-75° high fluxes of low energy (1-10 keV) 75 

auroral electrons enter the atmosphere almost continuously and produce thermospheric 76 

NO in abundance at 110 km over the polar caps, even during low geomagnetic activity 77 

[Marsh et al., 2004].  In the subauroral zone (geomagnetic latitudes ≤70°) relativistic 78 

electrons that have been accelerated in the Van Allen radiation belts reach MeV energies 79 

[Horne et al., 2005] and can penetrate down to the stratosphere.  At intermediate 80 

energies, 10–100 keV electrons deposit most of their energy between 100 km and 75 km 81 

whereas ionisation and NOx/HOx production by ~0.1–1 MeV electrons is greatest in the 82 

upper stratosphere and mesosphere [Turunen et al., 2009].  The effects on atmospheric 83 

chemistry due to MeV electron precipitation are predicted to be more likely to occur in 84 

the Southern hemisphere (SH), pole-ward of the South Atlantic Magnetic Anomaly 85 

(SAA) region, and during the recovery phase of storms [Horne et al., 2009]. 86 

 NOx produced in the high-latitude middle atmosphere has the potential to be 87 

transported downward into the stratosphere by the Antarctic polar vortex between May 88 

and October [Randall et al., 2007] and modulate ozone abundances [Solomon et al., 89 
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1982; Brasseur and Solomon, 2005].  Lee et al. [2011] determined first empirical 90 

orthogonal function (EOF) mode indices of CO in the SH winter and found the descent 91 

rates, constant at 0.16-0.2 km/day below 40 km, increase almost linearly with altitude 92 

above 40 km to ~1 km/day at 80 km.  Sheese et al. [2011] determined a proxy NO 93 

descent rate in the Antarctic mesosphere and lower thermosphere of 3.8 km/day, 94 

somewhat larger than mean vertical wintertime wind speeds typically presumed to be 95 

~2 cm/s (i.e., ~1.7 km/day).  Meridional circulation reversal, which shows large 96 

wintertime variability and equatorward flow at 68°S above 80-98 km [Hibbins et al., 97 

2005; Sandford et al., 2010], could provide a barrier preventing auroral NO from 98 

descending, although diffusion still plays a role [Smith et al., 2011].  Thus, it is unclear 99 

whether NO produced at high altitudes (>90 km) by plentiful lower-energy (1–30 keV) 100 

electrons, requiring substantial downward transport, is more important than NOx 101 

produced at lower altitudes (<90 km) by high-energy (30 keV to several MeV) electrons 102 

[Clilverd et al., 2009a].  Sudden stratospheric warmings (SSW) can result in the 103 

breakdown of the Arctic wintertime polar vortex and disrupt the downward transport of 104 

NOx.  However, in some of these events the stratopause and accompanying vortex has 105 

been observed to reform at higher altitudes and this can lead to the pronounced NO 106 

descent and NOx enhancements sometimes observed at high latitudes in the northern 107 

hemisphere [Randall et al., 2009]. 108 

 Satellite-based NOx observations have also had issues in determining the origin of the 109 

observed enhancements.  For example, a very significant doubling of NO2 mixing ratio 110 

from ~47–70 km observed by GOMOS during mid-February 2004 was suggested to arise 111 

from in situ production by geomagnetic storm-induced relativistic electrons [Clilverd et 112 
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al., 2009a].  The NO2 mixing ratio at northern polar latitudes observed by GOMOS 113 

increased 3 days after the start of a geomagnetic storm with moderate Kp and associated 114 

with co-rotating interaction regions/high speed streams (CIR/HSS).  The enhanced NO2 115 

abundance coincided with increased flux of relativistic electrons measured by Space 116 

Environment Monitor instruments onboard the Geostationary Operational Environmental 117 

Satellites (GOES) and Polar Orbiting Environment Satellites (POES).  The observed NO2 118 

mixing ratios were reproduced using atmospheric model calculations of ionization by 119 

≥1.25 MeV electrons.  MIPAS measurements over a similar latitude range show strong 120 

increases of NOx in the upper stratosphere and lower mesosphere around ~60 km in early 121 

2004.  However, correlations with tracer data show that this enhancement is more likely 122 

due to downwelling of NOx from the upper mesosphere and lower thermosphere [López-123 

Puertas et al., 2006].  Furthermore, conclusions that can be drawn about the contribution 124 

of relativistic electrons to upper stratospheric or lower mesospheric NOx from 15 years of 125 

HALOE data are limited by the lack of polar winter coverage by solar occultation 126 

measurements [Sinnhuber et al., 2011]. 127 

 We have recently reported vertical profiles of ozone and NO, the original source of 128 

NOx produced by energetic electrons, measured directly and with unprecedented 129 

temporal resolution by a new passive microwave radiometer located at the Norwegian 130 

Troll station (72°S, 2°E), Antarctica.  From observations during small, relatively isolated 131 

geomagnetic storms between 2008 days 80–129 (20 March to 8 May) we identified that 132 

NO was produced directly in the mesosphere at 70-80 km by ∼300 keV electron 133 

precipitation [Newnham et al., 2011].  During a moderate geomagnetic storm (minimum 134 

Dst of -79 nT) in late July 2009 we observed a decrease of 20–70% in mesospheric 135 
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ozone, coincident with increased NO, between 60 km and 75 km altitude associated with 136 

>30 keV energetic electron precipitation [Daae et al., 2012].  By showing that significant 137 

NO production occurs even at an unusually quiet solar minimum, during which 138 

geomagnetic activity was exceptionally low, high-energy electrons under more typical 139 

geomagnetic conditions may be a much more important source of NOx and have a larger 140 

impact on stratospheric ozone than previously thought.  In order to address this, NO 141 

production in the mesosphere and stratosphere by energetic electrons needs to be better 142 

quantified and represented in global atmospheric models. 143 

 Recurrent geomagnetic storms arising from CIR/HSS occur more frequently during 144 

solar minimum.  The 2008-2009 solar minimum was a period of extremely quiet 145 

geomagnetic conditions [e.g., Tsurutani et al., 2011; Burns et al., 2012].  However during 146 

this period, and particularly in 2008, long-duration (~5-10 days) weak to moderate 147 

(minimum Dst index ≥ -50 nT) recurrent geomagnetic storms occurred [Gibson et al., 148 

2009]. 149 

 In this paper we report ground‐based measurements of NO in the Antarctic middle 150 

atmosphere during the austral winter between days 130 and 220 of 2008 (9 May to 7 151 

August).  We carry out statistical analyses to determine periodicities in mesospheric NO, 152 

an overlapping thermospheric NO data-set, geomagnetic indices, and electron data.  We 153 

use correlation-lag and superposed epoch analyses to investigate the possible sources of 154 

observed mesospheric NO enhancements and production by EEP following recurrent 155 

geomagnetic storms. 156 

2. Experimental Setup 157 
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2.1 Microwave radiometer observations 158 

 The microwave radiometer used in this study has been described previously [Espy et 159 

al., 2006; Straub et al., 2013] and thus only the NO measurement details are given here.  160 

Ground-based atmospheric observations at a 60° zenith angle were made from Troll 161 

station, Antarctica (72°01’S, 02°32’E, 1275 m above sea level), the position of which is 162 

shown in Figure 1.  Troll is at a geomagnetic latitude of 65°, suitable for observing the 163 

effects of EEP from the outer radiation belt, and it is also typically inside the Antarctic 164 

polar vortex which extends to at least 60°S from the pole and from the mesosphere down 165 

to the lower stratosphere [Harvey et al., 2004]. 166 

 NO volume mixing ratio (VMR) profiles were inverted from calibrated brightness 167 

temperature spectra measured by a chirp transform spectrometer [Hartogh et al., 1990; 168 

Villanueva and Hartogh, 2004; Villanueva et al., 2006] with 14 kHz resolution and 169 

40 MHz bandwidth.  For this analysis 10 MHz sections of each daily mean average 170 

spectrum, centered on the NO line at 250.796 GHz, were inverted using the Microwave 171 

Observation Line Estimation and Retrieval (MOLIERE) version 5 code [Urban et al., 172 

2004].  A priori pressure, temperature, ozone, water vapor, and NO profiles above 30 km 173 

were calculated using the Sodankylä Ion and Neutral Chemistry (SIC, version 6.8) model 174 

[Verronen et al., 2005] under geomagnetically-quiet conditions.  For altitudes up to 175 

30 km MIPAS/Envisat (Michelson Interferometer for Passive Atmospheric Sounding) 176 

data were combined with 10-year (1999-2008) averages of ozonesonde data from 177 

Neumayer station (70°39’S, 08°15’W).  Spectroscopic reference data for radiative 178 

transfer calculations were taken from HITRAN 2008 [Rothman et al., 2009].  Data 179 

inversion was performed from the ground to 120 km with 1 km-thick layers to ensure 180 
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stable convergence.  NO and tropospheric water vapor profiles were adjusted in the 181 

forward model calculations to provide the best fit to the observed brightness 182 

temperatures.  Radiometer data with brightness temperatures above 150 K, caused by 183 

high levels of tropospheric water vapour and/or blowing snow, and negative VMR 184 

values were rejected. 185 

2.2 AARDDVARK electron precipitation observations 186 

 The Antarctic-Arctic Radiation-belt Dynamic Deposition VLF Atmospheric 187 

Research Konsortium (AARDDVARK) receiver network [Clilverd et al., 2009b] 188 

monitors the sub-ionospheric transmission of narrow-band very low frequency (VLF) 189 

radio-wave signals in the 10 kHz to 40 kHz range originating from powerful 190 

communication transmitters located around the world.  The VLF radio signals propagate 191 

in a waveguide formed by the Earth’s surface and the bottom of the ionosphere (D 192 

region) located between 50 km and 100 km.  Changes in the D-region ionosphere modify 193 

the amplitude and phase of transmitted VLF signals [Barr et al., 2000], allowing changes 194 

in the sources of ionization, such as particle precipitation, in the mesosphere-lower 195 

thermosphere to be monitored [see, e.g., Clilverd et al., 2009b and references therein]. 196 

 This study make uses of the 24.0 kHz signals from the transmitter with the call sign 197 

NAA (Cutler, Maine, USA, 44°N, 67°W, L = 2.9) received at the Sodankylä 198 

Geophysical Observatory (SGO, 67°N, 26°E, L = 5.1) in Finland.  The transmitter to 199 

receiver great circle path (GCP) and the L-shell contours for L = 3, 5, and 7 are shown in 200 

Figure 1.  The plot shows that VLF signals following the NAA to SGO GCP are 201 

influenced by EEP for L = ~3-8.  The NAA amplitude variation outside of the normal 202 

diurnal variability exhibited by the received VLF signal is driven primarily by electron 203 
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precipitation associated with geomagnetic storms and has been compared with electron 204 

fluxes detected by the POES and DEMETER satellites [Clilverd et al., 2010].  Following 205 

the approach outlined in that paper, we modeled the NAA amplitude variations in order 206 

to determine an integral electron precipitation flux for specific times of day and limited 207 

ranges of magnetic local time (MLT).  Analysis of amplitude data from the 208 

02:00-03:00 UT time period corresponds to precipitation occurring in the 22:00-06:00 209 

MLT range, i.e., the midnight sector. 210 

 The geomagnetic conjugate of the NAA to SGO great circle path has a SH footprint 211 

which passes close to Troll station.  To a first approximation the SH precipitating fluxes 212 

will be at least the same magnitude as those observed in the NH for 30 keV electrons, 213 

and possibly electrons with energies as high as 300 keV, while larger fluxes of 214 

relativistic electrons could occur at the edge of the bounce loss cone over the SAA 215 

[Meredith et al., 2011].  Here we use the well-modeled AARDDVARK NH data to 216 

estimate the >50 keV precipitating electron flux close to Troll. 217 

2.3 POES and GOES electron observations 218 

 Particle measurements are made by the Space Environment Monitor 2 (SEM-2) 219 

instrument packages onboard the NOAA Polar Orbiting Environment Satellites (POES), 220 

which are in high-inclination Sun-synchronous orbits at altitudes of ~800-850 km.  221 

SEM-2 includes the Medium Energy Proton and Electron Detector (MEPED) and the 222 

Total Energy Detector (TED) that together monitor electron fluxes from 50 eV to 223 

2.5 MeV [Evans and Greer, 2004; Rodger et al., 2010].  MEPED has two electron 224 

telescopes and two proton telescopes.  The electron telescopes point in approximately 225 

perpendicular directions (0º and 90º), are ±15º wide, and each provide three channels of 226 
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energetic electron data: >30 keV, >100 keV, and >300 keV.  In addition, omni-227 

directional measurements are made by a dome detector ±60º wide, which is mounted 228 

parallel to the 0º detector.  Pole-ward of geomagnetic latitude 33° the 0° electron 229 

telescope monitors electrons in the bounce loss cone that will enter the Earth’s 230 

atmosphere.  At high latitudes the MEPED 90° electron telescope measures trapped and 231 

quasi-trapped electrons (i.e. electrons in the drift loss cone that are not lost to the 232 

atmosphere locally but are lost in regions where the magnetic field is weaker) [Rodger et 233 

al., 2010].  Contamination by comparatively low energy protons can be significant in the 234 

MEPED observations when the proton flux is high [Rodger et al., 2010].  Typically up to 235 

~42% of the observations of >30 keV electrons using the 0° telescope are contaminated, 236 

but only ~3.5% of the corresponding 90° telescope observations are affected.  For 237 

<300 keV electrons the precipitation generally follows variations in the trapped flux 238 

[Meredith et al., 2011], and we therefore use the 90° telescope observations due to the 239 

lower levels of proton contamination.  Here we use SEM-2 data with 2 s resolution from 240 

NOAA-15, -16, -17 and -18 plus MetOp-02 (available from 241 

http://www.ngdc.noaa.gov/stp/satellite/poes/dataaccess.html).  We apply a proton 242 

correction algorithm (available from the Virtual Radiation Belt Observatory, 243 

http://virbo.org) to these data as described in Appendix A of Lam et al. [2010].  We then 244 

use these corrected data to determine daily mean electron count rates for the >30 keV 245 

(channel 90e1), >100 keV (channel 90e2), >300 keV (channel 90e3), and the larger than 246 

~700 keV (channel 90P6) [Yando et al., 2011] channels between L = 3.5-5.5. 247 

 The Space Environment Monitor instrument onboard the Geostationary Operational 248 

Environmental Satellite (GOES) provides >0.6 MeV and >2 MeV electron fluxes at a 249 
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nominal fixed L shell of L = 6.6.  The GOES >2 MeV channel responds primarily to 250 

trapped outer zone electrons.  In practice the geostationary orbit is not at a constant L and 251 

so we use daily mean average electron fluxes calculated from the daily electron fluence 252 

data from GOES-12 provided by the National Space Weather Prediction Center (see 253 

www.swpc.noaa.gov/ftpdir/indices/old_indices/2008_DPD.txt). 254 

2.4 SABER NO observations 255 

 The SABER instrument [Mlynczak, 1997] on the TIMED satellite measures 256 

atmospheric radiance profiles in 10 bands between 1.27-15 μm.  We use zonal daily mean 257 

NO volume emission rate (VER) data for 65°-75°S, derived from SABER 5.3 μm 258 

channel observations [Mlynczak et al., 2003].  Although SABER continuously scans the 259 

limb over the altitude range 0-350 km, the observed NO VER is dominated by processes 260 

occurring above 110 km.  These data provide a measure of the thermospheric cooling rate 261 

but it is important to note that increases in NO VER may not correspond to increases in 262 

NO abundance.  A number of processes contribute to increases in NO VER: 1) Increases 263 

in NO abundance, leading to more vibrationally excited NO via collisions with atomic 264 

oxygen (O); 2) Increases in kinetic temperature, which controls the rate of collisional 265 

excitation of NO via detailed balance with collisional quenching.  A higher kinetic 266 

temperature means more excited NO molecules all else being equal; 3) Exothermic 267 

production of vibrational levels of NO; and 4) Increases in O abundance. 268 

3.  Results 269 

3.1 Geomagnetic indices, solar data, and GOES data 270 
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 Three complete Carrington rotations (2070-2072, Figure 2a) occurred between 2008 271 

days 130 and 220 (9 May to 7 August).  During this period solar activity was very low 272 

with the visible disk spotless for much of the time and only isolated low-level B-class 273 

flares detected on day 138.  No solar proton events were observed at geosynchronous 274 

orbit. 275 

 Solar wind velocity data (available from http://umtof.umd.edu/pm/crn/) from the 276 

Advanced Composition Explorer (ACE) are shown in Figure 2b.  The periods of 277 

increased velocity, with low values in-between, are typical of recurrent CIR/HSS.  The 278 

zero crossings in hourly Dst index (Figure 2c, data available from http://wdc.kugi.kyoto-279 

u.ac.jp/dstae/index.html) correspond to sudden storm commencements (SSC’s).  Other 280 

SSC’s are not clearly observed as zero crossings in Dst due to overlap between 281 

geomagnetic storms or the weakness of the magnetic perturbations.  We identify eight 282 

geomagnetic storms where zero crossings in Dst coincide with increases in solar wind 283 

velocity, 3-hourly Kp index > 2 (Figure 2e, data available from 284 

http://spidr.ngdc.noaa.gov/spidr/), and increases in 3-hourly Ap index (Figure 2f, data 285 

available from http://spidr.ngdc.noaa.gov/spidr/).  We define each storm as a 9-day 286 

period, starting 24 hours before SSC, for the superposed epoch analysis described in 287 

Section 4.3.  The observed storms appear to be in three recurrent sequences (A, B, and 288 

C), labeled in Figure 2d according to the first (A1, B1, C1), second (A2, B2, C2), and 289 

third (A3, B3) recurrences. 290 

 The details of the geomagnetic storms are listed in Table 1, including the storm 291 

category based on the minimum Dst index value [Yokoyama and Kamide, 1997].  The 292 

largest storm disturbance occurred during geomagnetic storm A2 with minimum 293 
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Dst = -41 nT and Kp > 5 indicating minor (G1) storm conditions.  During the rest of the 294 

period Kp is in the range 0-4, below the strict definition of geomagnetic storm levels (G0 295 

on the NOAA Space Weather Scale, http://www.swpc.noaa.gov/NOAAscales/). 296 

 The daily mean GOES >0.6 MeV electron flux (Figure 2g) increases during 297 

geomagnetic storm periods A1, B1, C1, A2, B2, A3, and B3.  The daily mean GOES 298 

>2.0 MeV electron flux (Figure 2h) is much lower than the flux of >0.6 MeV electrons 299 

and increases during storm periods A1, A2, A3, and B3.  Throughout days 196-202 the 300 

flux of >2.0 MeV electrons from the radiation belts observed by GOES was over two 301 

orders of magnitude higher than background quiet-time levels.  The increases in GOES 302 

>0.6 MeV electron flux lag the solar wind velocity by 1-3 days and the >2.0 MeV 303 

electron flux shows a further delay of up to 24 hours. 304 

3.2 NO data 305 

 The ground-based microwave observations for 2008 days 130-220 are compared in 306 

Figure 3 with NO 5.3 μm volume emission rate (VER) data for the lower thermosphere 307 

(100-150 km) from the SABER satellite instrument [Mlynczak, 1997].  The NO VER 308 

depends on NO abundance, the kinetic temperature, exothermic production of NO 309 

vibrational levels, and the abundance of atomic oxygen.  Between days 142-194 SABER 310 

was viewing 54°S-82°N due to the TIMED yaw cycle and NO VER data over the zonal 311 

range 65°S-75°S are unavailable.  After this period enhanced NO VER can be seen 312 

(Figure 3a) at altitudes above 110 km where significant non-LTE 5.3 μm radiance occurs 313 

and can be measured by SABER.  This occurs most strongly between days 195-196 and 314 

days 204-205, when the daily mean VER averaged over 120-130 km (Figure 3b) exceeds 315 

1.0×10-9 Jm-3s-1. 316 
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 The radiometer observations (Figures 3c and 3d) show periods of enhanced NO at 317 

altitudes in the range 65-85 km.  Particularly striking features are that the mesospheric 318 

NO VMR at 65-80 km is above 0.5 ppmv during much of the two-month period between 319 

days 150-212 and the highest value (1.2 ppmv) occurs on day 200 when the 320 

thermospheric NO VER observed by SABER is low. 321 

3.3 Electron data from AARDDVARK and MEPED/POES 322 

 A color contour plot of the daily mean MEPED/SEM-2 trapped and quasi-trapped 323 

electron count rates for the >100 keV channel during 2008 days 130-220 is shown in 324 

Figure 4.  The electron count rate exceeds 1000 counts/s between L = 4-6 at the start of 325 

the 90-day period, due to an earlier geomagnetic storm.  After day 140 the electron count 326 

rate increases following each increase in geomagnetic activity.  The highest electron 327 

count rates for the >100 keV channel exceed >1000 counts/s for 4.0 < L < 8.0 following 328 

each recurrence of the first geomagnetic storm (i.e. A1, A2, A3).  Following each 329 

recurrence of the second geomagnetic storm (i.e. B1, B2, B3) the electron count rate 330 

exceeds 1000 counts/s over a narrower range of geomagnetic latitudes, 4.5 < L < 8.0.  331 

For the third recurrent storm (C1, C2) the maximum electron count rate is lower than for 332 

the first two recurrent storms with the largest increase at L ≥ 5.0.  Thus the third 333 

recurrent storm is expected to make only a small contribution to electron ionization at 334 

L = 4.8, which corresponds to the location of our NO observations.  Our analysis uses 335 

MEPED/SEM-2 data for the >100 keV and other electron channels over L = 3.5-5.5. 336 

 A plot of daily mean AARDDVARK >50 keV electron flux for the L = 3.0-7.0 337 

NAA-SGO conjugate path is shown in Figure 5a.  The main peaks, on days 142, 168, 338 

and 194, correspond to the first recurrent storm (i.e. A1, A2, and A3).  The electron 339 
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counts decrease with increasing energy for the four MEPED/SEM-2 channels (Figures 340 

5b-e), with maximum counts in the >700 keV channel 200 times smaller than those in 341 

the >30 keV channel.  The count rates on each channel at the start of the period are 342 

elevated due to a geomagnetic storm that started before day 130.  The peaks in electron 343 

count rate follow increases in geomagnetic activity but are delayed with increasing 344 

MEPED/SEM-2 energy channel, as reported previously [Rodger et al., 2010].  Increases 345 

in the >700 keV electron channel count rate centered on days 173 and 200 persist for 346 

~9 days each, are associated with geomagnetic storms A2 and A3, and overlap days 347 

173-175 and 198-202 when NO VMR at ~73 km measured by the radiometer was 348 

highest. 349 

4.  Data analysis 350 

4.1 Lomb normalised periodograms 351 

 Following Mlynczak et al. [2007] we calculate Lomb normalised periodograms 352 

(LNP) for the time series of Ap index, NO VMR, AARDDVARK >50 keV electron flux, 353 

and MEPED/SEM-2 trapped and quasi-trapped electron count rates.  The SABER NO 354 

VER data are not included in this analysis due to the large gap in observational data for 355 

the SH polar region during this 90-day period.  The results of each LNP analysis are 356 

shown in Figure 6, with the 50% and 95% significance levels calculated according to the 357 

null hypothesis that the data are independent Gaussian random values. 358 

 The LNP for Ap index (Figure 6a) is similar to that found by Mlynczak et al. [2008] 359 

for the Ap and Kp time series covering nearly 5 years from 2002 to 2006.  The peaks 360 

show periods close to fractions of the typical 27-day solar rotation with a very strong 9.0-361 
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day frequency, corresponding to periodicity in the occurrence of high-speed solar wind 362 

events [Verma and Joshi, 1994] and of coronal hole features on the Sun during 1998-363 

2006 [Temmer et al., 2007]. 364 

 The LNP for NO VMR averaged over 65-80 km (Figure 6b) shows a 25.8 day 365 

periodicity, exceeding the 95% confidence limit, with additional peaks at 8.4 days and 366 

5.4 days.  The mesospheric NO periodicity is likely to be dominated by the two periods 367 

(days 173-175 and 198-202) of highest NO abundance which are separated by ~26 days.  368 

The AARDDVARK >50 keV electron flux (Figure 6c) shows strongest periodicity at 369 

27.7 days, above the 50% confidence limit, and at 8.8 days.  The LNP for 370 

MEPED/SEM-2 count rates (Figures 6d-g) show peaks close to the 27-day solar rotation 371 

period and at ~13.0 days.  The >30 keV and >100 keV channel data also show ~9 day 372 

peaks exceeding the 50% confidence limit.  For the >300 keV and >700 keV channels the 373 

9-day peak is less significant but both channels have significant ~13.0-13.5 day 374 

recurrence and a peak exceeding the 95% confidence level at 36.4 days that arises from 375 

the contribution of electron counts between days 130-140. 376 

4.2. Correlation-lag 377 

 Correlation coefficient values were calculated by comparing the daily mean NO 378 

VMR and SABER NO VER data-sets with Ap index and the MEPED/SEM-2 electron 379 

count rates shifted by a range of lag times.  For SABER NO VER there are 38 days of 380 

data available for correlation.  The correlation-lag plots are shown in Figure 7, where 381 

positive (negative) lag times occur when NO changes after (before) changes in Ap index 382 

or electron count rate.  Details of the maximum correlation coefficients found for each of 383 

the lag curves are given in Table 2.  A t-statistic with n-2 degrees of freedom, where n is 384 
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the number of samples, was used to test the hypothesis of no correlation.  For all 385 

correlation coefficient maxima the statistical significance is >95%.  The variability in 386 

SABER NO 5.3 μm VER precedes changes in the MEPED/SEM-2 electron channel 387 

count rates, leading to negative lag times.  The highest correlation (rmax = 0.89) is 388 

between SABER NO 5.3 μm VER and the >30 keV electron channel, but the NO VER 389 

precedes the >30 keV electrons by 0.5 day.  However the main source of NO at 390 

110-130 km is likely to be low energy (1-10 keV) auroral electrons, for which flux 391 

increases typically occur within 0.5 day of increases in Ap index, rather than >30 keV 392 

EEP which produces maximum ionization at ~95 km [Turunen et al., 2009].  For the 393 

radiometer NO VMR data the highest correlations are with the >30 keV electron channel 394 

(rmax = 0.56, lag time of 5.1 days) and >100 keV electron channel (rmax = 0.57, lag time 395 

of 4.4 days).  This suggests that a significant source of the NO observed by the 396 

radiometer could be production in the upper mesosphere by ~30-100 keV electrons 397 

followed by downwards transport over ~4-5 days to 65-80 km.  The small but non-zero 398 

correlation (two peaks, one with rmax = 0.28, lag time of -1.8 days and the other with 399 

rmax = 0.26, lag time of 1.6 days) between NO VMR and the >700 keV electron channel 400 

data may suggest a contribution to the NO observed by the radiometer from local 401 

ionization at 65-80 km. 402 

4.3 Superposed epoch analyses 403 

 We have carried out two superposed epoch analyses, one (hereafter called 404 

“SEA-GS”) using the eight identified geomagnetic storm periods and the other (hereafter 405 

called “SEA-CR”) for the three Carrington rotations 2070-2072.  By comparing the 406 

results of these two separate analyses, in which the data sampling and superposing differ, 407 
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we can draw more robust conclusions from a limited data set that contains small numbers 408 

of epochs. 409 

 The SEA-GS results, where day 0 is determined from the zero crossings in hourly 410 

Dst index, are shown in Figure 8.  The standard errors shown indicate the variability in 411 

the superposed data from the eight geomagnetic storms rather than measurement 412 

uncertainties.  The superposed Ap index, Dst index, and solar wind velocity data (Figures 413 

8a-c) show the geomagnetic disturbance lasts for ~8 days following the SSC at epoch day 414 

number 0.  Two pulses of enhanced NO VMR (Figures 8d and 8e) occur.  The first 415 

increase at 65-80 km starts one day after the geomagnetic storm commences and lasts 416 

~2-3 days.  This pulse coincides most closely with increased AARDDVARK >50 keV 417 

electron flux and count rates for the >30 keV, >100 keV, and >300 keV electron channels 418 

(Figures 8f-8i).  The second, stronger NO VMR enhancement starts on epoch day 5 and 419 

exceeds 0.5 ppmv over days 6-8.  NO VMR reaches a maximum during day 6, between 420 

2-5 days after maxima in the observed electron flux and count rates (Figures 8f-j), and 421 

1-2 days before the highest count rate for the >700 keV electron channel. 422 

 The SEA-CR results are shown in Figure 9.  The Ap index, Dst index, and solar wind 423 

velocity data (Figures 9a-c) show peaks corresponding to the three main recurrent 424 

geomagnetic storms in each 27-day period, with the first two superposed storms more 425 

intense than the third.  Four pulses of NO VMR ≥0.3 ppmv occur (Figures 9d and 9e).  426 

The first and third NO enhancements at 65-80 km peak on epoch days 5-6 and 15-17 427 

respectively and coincide with increased AARDDVARK >50 keV electron flux and 428 

count rates for the >30 keV, >100 keV, and >300 keV electron channels (Figures 9f-i).  429 

The second NO peak exceeds 1 ppmv on epoch days 11-12, overlapping increased count 430 
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rates for the >700 keV electron channel (Figure 9j).  The fourth NO maximum, on days 431 

21-24, does not overlap significant increased count rate for any of the MEPED/SEM-2 432 

electron channels.  A number of factors may give rise to the delay between increased 433 

>700 keV electron counts and increased NO VMR.  For example, Turunen et al. [2009] 434 

showed that when a continuous source of high energy electron precipitation is applied to 435 

the atmosphere it can take 3 days for NO to accumulate to significant levels at altitudes of 436 

70 km, even without transport.  It is unlikely that high energy precipitation >300 keV 437 

over Troll is continuous since there are significant magnetic local time variations in the 438 

wave-particle interactions responsible for the precipitation. Also, the precipitation will 439 

extend over an area in latitude and longitude where the air masses undergo transport, 440 

giving rise to NO variations.  Thus the observed delay may be partly due to modulations 441 

in the precipitating electron flux, transport, and the timescale for the atmosphere to 442 

respond. 443 

5. Discussion 444 

 Both the SEA-GS and SEA-CR analyses show two pulses of increased NO at 445 

65-80 km during each recurrent geomagnetic storm.  The first NO pulse occurs one day 446 

after the geomagnetic storm and follows increases in MEPED/SEM-2 and 447 

AARDDVARK electron fluxes in the energy range ~30 keV-300 keV.  The 65-80 km 448 

altitude corresponds to a peak in ionization by ~200 keV electrons [Turunen et al., 449 

2009], suggesting that direct production by electrons with this energy or higher is the 450 

source of the first NO pulse.  Our analysis provides evidence that the second NO pulse, 451 

5-8 days after the geomagnetic storm, is produced directly by high energy (>200 keV) 452 

electrons.  However, our zonal average MEPED/SEM-2 data exclude the region where 453 
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the 90° electron telescope measurements could be affected by the SAA, including Troll.  454 

If the flux of higher-energy (300 keV-several MeV) electrons precipitating into the 455 

region pole-ward of the SAA is higher than outside of this region, as has been shown 456 

[Horne et al., 2009], then our analysis significantly underestimates the count rate of 457 

electrons above Troll that would produce NO directly at 65-80 km.  Higher energy 458 

>700 keV electrons would also generate NO2 and NOy species below ~65 km, but these 459 

species are not currently observed by our radiometer. 460 

 Another potential indirect source of the observed mesospheric NO is production 461 

above ~82 km by <100 keV electrons followed by transport.  We estimate the large-scale 462 

meridional and vertical advection of air masses due to the combined effects of zonally-463 

averaged winds and wave momentum transport using the NCAR Whole Atmosphere 464 

Community Climate Model with Specified Dynamics (SD-WACCM) [Lamarque et al., 465 

2012; Straub et al., 2012].  Transformed Eulerian mean (TEM) backward trajectories 466 

(Figure 10) for the zonal mean circulation starting at 72°S and 73 km are calculated 467 

using daily TEM velocities determined from daily-averaged WACCM model output as 468 

described by Smith et al. [2011].  Since the WACCM calculations are the air parcel 469 

trajectories, rather than the NO transport trajectories, the amount of NO that the parcel 470 

contains will depend upon production within the parcel, advection, and the diffusive 471 

entrainment of NO from above and below.  Using climatological mixing ratio tendencies 472 

for NO due to TEM circulation and the sum of eddy and molecular diffusion 473 

contribution in the SH winter [Smith et al., 2011], we estimate that at 50°S and an 474 

altitude of 82 km the local NO VMR would be increasing by ~70-80% due to transport 475 

and ~40% due to diffusion.  Further pole-ward and downward, the contribution from 476 
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TEM advection is larger.  At 73 km over Troll, we estimate the NO VMR changes by 477 

~400% due to TEM advection and ~20% by diffusion.  So although the trajectories in 478 

Figure 10 are a lower limit to NO transport, TEM advection has at least twice the effect 479 

of diffusion at all latitudes and altitudes for air parcels that reach Troll in 5-8 days during 480 

SH wintertime.  The effect of diffusion would be to upturn the curves to higher altitudes 481 

at lower latitudes.  Allowing for diffusion, for both of the NO pulse periods considered 482 

the majority of the transported NO reaching 73 km above Troll over 5-8 days would 483 

originate from a lower-latitude source above 80 km.  This matches the lag between 484 

increased >100 keV electron count rate and the second NO pulse at 65-80 km.  However, 485 

it is unclear whether this mechanism could provide a significant contribution to the 486 

second NO pulse as it would require substantial production at geographical latitudes 487 

equator-ward of 60°S.  At these lower latitudes the electron flux is typically much lower 488 

than at polar latitudes and the presence of significant sunlight even during the winter 489 

months will reduce the lifetime of any NO produced.  For example, EEP-related OH 490 

enhancements at altitudes of 70-78 km have been found to be largest at geomagnetic 491 

latitudes of 55–72° and, in the SH, confined to longitudes between 150°W and 30°E, i.e. 492 

pole-ward of the SAA region [Andersson, 2012; Andersson, 2013].  Mesospheric NO 493 

production would be expected to occur in the same regions as these EEP-driven OH 494 

enhancements.  The equator-ward boundary of the precipitation region, i.e. at longitudes 495 

150°W to 30°E and geomagnetic latitude 55°, corresponds to a geographic latitude of 496 

~65°S.  Thus significant NO generation at geographic latitudes <60°S, followed by 497 

transport to Troll station, Antarctica over 5-8 days, appears to be an unlikely source of 498 

the observed NO.  This supports our analysis indicating that the second NO pulse 499 
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observed at 65-80 km above Troll station, Antarctica may arise from direct production 500 

by >200 keV electrons rather than production by lower energy electrons at higher 501 

altitudes and lower latitudes. 502 

6. Conclusions 503 

 Pulses of increased mesospheric NO VMR at 65-80 km, reaching ~1.2 ppmv, were 504 

observed above Troll station, Antarctica (72°01’S, 02°32’E) ~1-4 days and 5-8 days 505 

after small, recurrent geomagnetic storms during the 2008 polar winter.  By combining 506 

correlation-lag and superposed epoch analyses of the radiometer NO, geomagnetic, and 507 

electron data-sets we have identified potential sources of the observed NO.  The altitude 508 

and time profiles of observed NO and electron data suggests that significant NO may be 509 

produced directly in the Antarctic mesosphere at 65-80 km by >200 keV electron 510 

precipitation or originates from a source at higher altitudes, e.g. production by >30 keV 511 

electrons followed by downwards transport.  Further work should investigate NOx 512 

production pole-ward of the SAA region, where the high-energy electron flux can be 513 

relatively high, as well as determine transport of this material in the polar middle 514 

atmosphere. 515 
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TABLES 743 

Table 1.  Details of the main geomagnetic storm (GS) periods during 2008 days 130-220 744 

(9 May-7 August). 745 

 746 

Table 2.  Maximum correlation coefficients (rmax) and lag times between a) daily mean 747 

NO VMR averaged over 65-80 km, b) daily mean SABER NO 5.3 μm VER for 65°S-748 

75°S averaged over 120-130 km, and time-shifted daily mean Ap index and daily mean 749 

MEPED/SEM-2 trapped and quasi-trapped electron count rates over L = 3.5-5.5. 750 

FIGURES 751 

Figure 1.  A map showing the location of Troll station, Antarctica, the subionospheric 752 

VLF propagation path from the NAA transmitter (VLF Tx) to the AARDDVARK SGO 753 

receiver (SGO Rx) in Finland, and the conjugate great circle path (GCP) in the Southern 754 

hemisphere.  Contours of constant L-shell are shown for L = 3, 5, and 7. 755 

 756 

Figure 2.  a) Carrington rotation (CR) periods, b) hourly solar wind velocity (Vsw), c) 757 

hourly Dst index and sudden storm commencements (inverted black triangles), d) 9-day 758 

geomagnetic storm (GS) periods, e) 3-hourly Kp index, f), 3-hourly Ap index, and daily 759 

mean GOES electron flux at L = 6.6 for the g) >0.6 MeV and h) >2.0 MeV channels. 760 

 761 

Figure 3.  a) Daily mean SABER NO 5.3 μm VER for 65°S-75°S, b) daily mean 762 

SABER NO 5.3 μm VER for 65°S-75°S averaged over 120-130 km, c) daily mean NO 763 
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VMR, and d) daily mean NO VMR averaged over 65-80 km.  VER is given in SI units, 764 

where 10-9 Jm-3s-1 ≡ 10-8 erg/(cm3s). 765 

 766 

Figure 4.  Daily mean MEPED/SEM-2 trapped and quasi-trapped electron count rates 767 

for the >100 keV (90e2) channel over L = 3.0 to L = 8.5.  The horizontal solid black line 768 

indicates the L-shell (L = 4.8) corresponding to Troll, Antarctica.  The horizontal dashed 769 

black lines show the boundaries of the L = 3.5 to L = 5.5 range of MEPED/SEM-2 770 

electron data used in this work. 771 

 772 

Figure 5.  a) Daily mean AARDDVARK >50 keV electron flux for the L = 3.0 to 773 

L = 7.0 NAA-SGO conjugate path and daily mean MEPED/SEM-2 trapped and quasi-774 

trapped electron count rates over L = 3.5 to L = 5.5 for the b) >30 keV (90e1), c) 775 

>100 keV (90e2), d) >300 keV (90e3), and e) >700 keV (90P6) channels. 776 

 777 

Figure 6.  Lomb normalised periodograms for 2008 days 130 to 220 for a) 3-hourly Ap 778 

index, b) daily mean NO VMR averaged over 65-80 km, c) daily mean AARDDVARK 779 

>50 keV electron flux for the L = 3.0 to L = 7.0 NAA-SGO conjugate path, and daily 780 

mean MEPED/SEM-2 trapped and quasi-trapped electron count rates over L = 3.5 to 781 

L = 5.5 for the d) >30 keV (90e1), e) >100 keV (90e2), f) >300 keV (90e3), and g) 782 

>700 keV (90P6) channels.  The horizontal dotted lines show the 50% and 95% 783 

confidence limits. 784 

 785 
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Figure 7.  Correlations between a) daily mean NO VMR averaged over 65-80 km, b) 786 

daily mean SABER NO 5.3 μm VER for 65°S-75°S averaged over 120-130 km, and 787 

time-shifted daily mean Ap index and daily mean MEPED/SEM-2 trapped and quasi-788 

trapped electron count rates over L = 3.5 to L = 5.5 for the >30 keV (90e1), >100 keV 789 

(90e2), >300 keV (90e3), and >700 keV (90P6) channels.  Positive (negative) lag times 790 

occur where NO changes after (before) changes in Ap index or electron count rate. 791 

 792 

Figure 8.  Superposed epoch analysis for geomagnetic storm periods (SEA-GS) showing 793 

a) 3-hourly Ap index, b) hourly Dst index c) hourly solar wind velocity (Vsw), d) daily 794 

mean NO VMR, e) daily mean NO VMR averaged over 65-80 km, f) daily mean 795 

AARDDVARK >50 keV electron flux for the L = 3.0 to L = 7.0 NAA-SGO conjugate 796 

path, and daily mean MEPED/SEM-2 trapped and quasi-trapped electron count rates 797 

over L = 3.5 to L = 5.5 for the g) >30 keV (90e1), h) >100 keV (90e2), i) >300 keV 798 

(90e3), and j) >700 keV (90P6) channels.  Standard errors are shown by the grey 799 

shading. 800 

 801 

Figure 9.  Superposed epoch analysis for Carrington rotation cycles (SEA-CR) showing 802 

a) 3-hourly Ap index, b) hourly Dst index c) hourly solar wind velocity (Vsw), d) daily 803 

mean NO VMR, e) daily mean NO VMR averaged over 65-80 km, f) daily mean 804 

AARDDVARK >50 keV electron flux for the L = 3.0 to L = 7.0 NAA-SGO conjugate 805 

path, and daily mean MEPED/SEM-2 trapped and quasi-trapped electron count rates 806 

over L = 3.5 to L = 5.5 for the g) >30 keV (90e1), h) >100 keV (90e2), i) >300 keV 807 
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(90e3), and j) >700 keV (90P6) channels.  Standard errors are shown by the grey 808 

shading. 809 

 810 

Figure 10.  SD-WACCM TEM 8-day backward trajectories from an altitude of 73 km 811 

and geographic latitude 72°S for 2008 days 140 (19 May) and 167 (15 June).  Each point 812 

is labeled with day number (backward trajectory day). 813 

 814 
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GS GS start/end day numbers 
(dates) 

Day number 
(date) of SSC 

Day number 
(date) of 
minimum Dst 
index 

Minimum Dst 
index (nT) 

GS class 

A1 139.5-148.5 (18-27 May) 140.5 (19 May) 142.2 (21 May) -29 Weak 

B1 148.3-157.3 (27 May-5 June) 149.3 (28 May) 151.1 (30 May) -20 Weak 

C1 157.8-166.8 (5-14 June) 158.8 (6 June) 160.0 (8 June) -16 Weak 

A2 165.9-174.9 (13-22 June) 166.9 (14 June) 167.3 (15 June) -41 Class 2 moderate 

B2 175.8-184.8 (23 June-2 July) 176.8 (24 June) 177.2 (25 June) -29 Weak 

C2 186.5-195.5 (4-13 July) 187.5 (5 July) 189.3 (7 July) -10 Weak 

A3 193.2-202.2 (11-20 July) 194.2 (12 July) 194.4 (12 July) -34 Class 2 moderate 

B3 203.9-212.9 (21-30 July) 204.9 (22 July) 206.0 (24 July) -27 Weak 

 815 

Table 1.  Details of the main geomagnetic storm (GS) periods during 2008 days 130-220 (9 May-7 August). 816 

 817 
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Parameter 
a)  b) 

rmax Lag time (days)  rmax Lag time (days) 

Ap index 0.37 5.8  0.60 0.0 

>30 keV (90e1) 0.56 5.1  0.89 -0.5 

>100 keV (90e2) 0.57 4.4  0.86 -0.9 

>300 keV (90e3) 0.53 3.4  0.84 -2.0 

>700 keV (90P6) 
0.28 -1.8  

0.52 -4.6 
0.26 1.6  

 818 

Table 2.  Maximum correlation coefficients (rmax) and lag times between a) time-shifted 819 

daily mean NO VMR averaged over 65-80 km, b) time-shifted daily mean SABER NO 820 

5.3 μm VER for 65°S-75°S averaged over 120-130 km, and daily mean Ap index and 821 

daily mean MEPED/SEM-2 trapped and quasi-trapped electron count rates over 822 

L = 3.5-5.5. 823 

824 
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 825 

Figure 1.  A map showing the location of Troll station, Antarctica, the subionospheric 826 

VLF propagation path from the NAA transmitter (VLF Tx) to the AARDDVARK SGO 827 

receiver (SGO Rx) in Finland, and the conjugate great circle path (GCP) in the Southern 828 

hemisphere.  Contours of constant L-shell are shown for L = 3, 5, and 7. 829 

830 
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 831 

Figure 2.  a) Carrington rotation (CR) periods, b) hourly solar wind velocity (Vsw), c) 832 

hourly Dst index and sudden storm commencements (inverted black triangles), d) 9-day 833 
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geomagnetic storm (GS) periods, e) 3-hourly Kp index, f), 3-hourly Ap index, and daily 834 

mean GOES electron flux at L = 6.6 for the g) >0.6 MeV and h) >2.0 MeV channels. 835 

836 
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 837 

Figure 3.  a) Daily mean SABER NO 5.3 μm VER for 65°S-75°S, b) daily mean 838 

SABER NO 5.3 μm VER for 65°S-75°S averaged over 120-130 km, c) daily mean NO 839 

VMR, and d) daily mean NO VMR averaged over 65-80 km.  VER is given in SI units, 840 

where 10-9 Jm-3s-1 ≡ 10-8 erg/(cm3s). 841 

842 
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 843 

Figure 4.  Daily mean MEPED/SEM-2 trapped and quasi-trapped electron count rates 844 

for the >100 keV (90e2) channel over L = 3.0 to L = 8.5.  The horizontal solid black line 845 

indicates the L-shell (L = 4.8) corresponding to Troll, Antarctica.  The horizontal dashed 846 

black lines show the boundaries of the L = 3.5 to L = 5.5 range of MEPED/SEM-2 847 

electron data used in this work. 848 

849 
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 850 

Figure 5.  a) Daily mean AARDDVARK >50 keV electron flux for the L = 3.0 to 851 

L = 7.0 NAA-SGO conjugate path and daily mean MEPED/SEM-2 trapped and quasi-852 

trapped electron count rates over L = 3.5 to L = 5.5 for the b) >30 keV (90e1), c) 853 

>100 keV (90e2), d) >300 keV (90e3), and e) >700 keV (90P6) channels. 854 

855 
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 856 

Figure 6.  Lomb normalised periodograms for 2008 days 130 to 220 for a) 3-hourly Ap 857 

index, b) daily mean NO VMR averaged over 65-80 km, c) daily mean AARDDVARK 858 

>50 keV electron flux for the L = 3.0 to L = 7.0 NAA-SGO conjugate path, and daily 859 

mean MEPED/SEM-2 trapped and quasi-trapped electron count rates over L = 3.5 to 860 

L = 5.5 for the d) >30 keV (90e1), e) >100 keV (90e2), f) >300 keV (90e3), and g) 861 

>700 keV (90P6) channels.  The horizontal dotted lines show the 50% and 95% 862 

confidence limits. 863 

864 
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 865 

Figure 7.  Correlations between a) daily mean NO VMR averaged over 65-80 km, b) 866 

daily mean SABER NO 5.3 μm VER for 65°S-75°S averaged over 120-130 km, and 867 

time-shifted daily mean Ap index and daily mean MEPED/SEM-2 trapped and quasi-868 

trapped electron count rates over L = 3.5 to L = 5.5 for the >30 keV (90e1), >100 keV 869 

(90e2), >300 keV (90e3), and >700 keV (90P6) channels.  Positive (negative) lag times 870 

occur where NO changes after (before) changes in Ap index or electron count rate. 871 

872 
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 873 

Figure 8.  Superposed epoch analysis for geomagnetic storm periods (SEA-GS) showing 874 

a) 3-hourly Ap index, b) hourly Dst index c) hourly solar wind velocity (Vsw), d) daily 875 

mean NO VMR, e) daily mean NO VMR averaged over 65-80 km, f) daily mean 876 

AARDDVARK >50 keV electron flux for the L = 3.0 to L = 7.0 NAA-SGO conjugate 877 

path, and daily mean MEPED/SEM-2 trapped and quasi-trapped electron count rates 878 

over L = 3.5 to L = 5.5 for the g) >30 keV (90e1), h) >100 keV (90e2), i) >300 keV 879 

(90e3), and j) >700 keV (90P6) channels.  Standard errors are shown by the grey 880 

shading.881 
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 882 

Figure 9.  Superposed epoch analysis for Carrington rotation cycles (SEA-CR) showing 883 

a) 3-hourly Ap index, b) hourly Dst index c) hourly solar wind velocity (Vsw), d) daily 884 

mean NO VMR, e) daily mean NO VMR averaged over 65-80 km, f) daily mean 885 

AARDDVARK >50 keV electron flux for the L = 3.0 to L = 7.0 NAA-SGO conjugate 886 

path, and daily mean MEPED/SEM-2 trapped and quasi-trapped electron count rates 887 

over L = 3.5 to L = 5.5 for the g) >30 keV (90e1), h) >100 keV (90e2), i) >300 keV 888 

(90e3), and j) >700 keV (90P6) channels.  Standard errors are shown by the grey 889 

shading.890 
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 891 

Figure 10.  SD-WACCM TEM 8-day backward trajectories from an altitude of 73 km 892 

and geographic latitude 72°S for 2008 days 140 (19 May) and 167 (15 June).  Each point 893 

is labeled with day number (backward trajectory day). 894 


