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Key Points: 8 

 Arctic VLF radio propagation recordings enable the characteristics of the 9 

nighttime polar D region to be inferred 10 

 The undisturbed night Arctic D region is more variable and occurs at lower 11 

altitudes (~78 km), than at lower latitudes (~85 km)  12 

 The polar D region is maintained mainly by electron precipitation rather than 13 

by Lyman-alpha or galactic cosmic rays14 



 2 

Abstract 15 

VLF radio propagation recordings are used to determine the characteristics of the 16 

nighttime polar lower D region of the ionosphere. Recordings of both VLF phase and 17 

amplitude in the Arctic on days within ~1-2 weeks of the equinoxes enable their day-18 

to-night changes to be determined. These changes are then combined with previously 19 

measured daytime polar D region characteristics to find the nighttime characteristics. 20 

The previously determined daytime characteristics were measured in the Arctic 21 

summer; the NRLMSISE atmosphere model is used to help determine the height 22 

change from daytime summer to daytime equinox (~5 km lower). The principal path 23 

used was from the 16.4 kHz Norwegian transmitter JXN (67°N, 14°E) 1334 km 24 

northwards across the Arctic Ocean to Ny-Ålesund (79°N, 12° E), Svalbard. Also 25 

used were the 2014-km path from NRK (37.5 kHz, Grindavik, 64° N, Iceland) to Ny-26 

Ålesund, the 1655-km path from JXN to Reykjavik (64°N, Iceland) and the 5302-km 27 

path from JXN across the Arctic Ocean to Fairbanks (65°N) in Alaska. The night 28 

values of (the Wait parameters) H' and  were found to average from ~79 km at 29 

equinox down to 77 km near winter solstice (lower than the 85 km at low and mid-30 

latitudes by ~7 km) and 0.6 km
-1

 respectively. This lower height and its variability are 31 

shown to be consistent with the principal source of ionization being energetic electron 32 

precipitation.33 
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1. Introduction 34 

The lowest region of the Earth’s ionosphere (containing free electrons) is the D region 35 

with its lower edge at heights generally around 70 km by day and 85 km by night. 36 

These heights are too low for satellite measurements (too much drag) and too high for 37 

aircraft or balloons. Rocket measurements (e.g., Friedrich & Torkar, 2001; Friedrich 38 

et al., 2018) have proved very useful but tend to be too transient and expensive to 39 

fully explore the significant diurnal, seasonal, and latitudinal variations around the 40 

Earth. Ground-based, high frequency radars (e.g., Singer et al., 2011) have also 41 

proved useful when available but are quite rare and are very limited in their 42 

geographical coverage. In contrast, very low frequency (VLF) radio waves, 43 

particularly from single-frequency, ground-based, man-made transmitters, have good 44 

geographical coverage and very good (often continuous) diurnal and seasonal 45 

coverage. These waves readily partially reflect from the lower edge of the D region 46 

with the resulting amplitude and phase changes being rather sensitive to its height and 47 

sharpness. The VLF waves also reflect very well from the Earth’s surface, particularly 48 

the conducting oceans, enabling them to travel up to large distances (thousands of 49 

km) in the Earth-ionosphere waveguide bounded above by the D region. 50 

 51 

VLF radio subionospheric propagation has been used to refine our knowledge of the 52 

daytime D region by taking amplitude and phase measurements along radio paths 53 

both near (~100 km from) the transmitter, where the direct ground wave signal 54 

dominates, and at greater distances (from ~300 km up to several thousand km away) 55 

where the waves reflected from the D region dominate. The resulting phase and 56 

amplitude changes along the paths were then compared with calculations from VLF 57 

subionospheric modeling codes enabling the latitude-dependent characteristics (height 58 
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and sharpness) of the daytime D region to be inferred, e.g., Thomson (2010) and 59 

Thomson et al. (2012, 2014) at low latitudes, Thomson et al. (2011, 2017) at mid-60 

latitudes and Thomson et al. (2018) at high latitudes in the Arctic. The current study 61 

builds on these earlier studies to examine the nighttime Arctic D region. 62 

 63 

Diurnal VLF radio propagation recordings have been used to find the characteristics 64 

of the nighttime D region of the ionosphere at lower latitudes on a variety of long 65 

paths by comparing the observed changes in phase and amplitude between day and 66 

night with calculations from VLF propagation codes (Thomson et al., 2007; Thomson 67 

and McRae, 2009). For these comparisons the daytime results of Thomson (1993) and 68 

McRae and Thomson (2000) were used. In the present paper we again use single-69 

frequency, diurnal VLF recordings, but made in the Arctic, over nearly all-sea paths. 70 

We then determine the characteristics of the night Arctic D region by using the 71 

daytime Arctic results of Thomson et al. (2018) together with the measured day-night 72 

amplitude and phase changes from these Arctic VLF recordings, and then comparing 73 

with calculations from VLF propagation code for various candidate night D region 74 

electron density profiles. 75 

 76 

By day, the free electrons in the D region (which reflect the VLF radio waves) are 77 

generated at mid- and low latitudes by solar Lyman-, mainly above altitudes of ~70 78 

km, and galactic cosmic rays, mainly below ~70 km (e.g., Thomson et al., 2017). 79 

Towards the poles, the solar Lyman- becomes less significant because of the lower 80 

solar zenith angles, the galactic cosmic rays become more significant because of the 81 

reduced shielding of the Earth’s magnetic field (e.g., Neal et al., 2015), and electron 82 

precipitation starts to become significant, tending to be dominant in the auroral 83 
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regions (Thomson et al., 2018). By night, the lower (reflecting) edge of the D region 84 

at low and middle latitudes is higher (H' ~85 km) than by day (H' ~70 km) and is also 85 

more variable (Thomson et al., 2007; Thomson and McRae, 2009). Both by day and 86 

by night large quantities of free electrons are continuously removed by attachment to 87 

O2 molecules at heights below ~80 km: O2 + e
-
  O2

-
 but this is effectively negated 88 

during the day by the electrons being immediately released again by visible light 89 

photons. This loss mechanism is rather height dependent because the scale height of 90 

neutral O2 is only ~6 km resulting in the free electron concentration below ~80 km 91 

altitude becoming quite low at night. Also, of course, there is no direct solar Lyman- 92 

radiation at night. However, re-radiation of solar Lyman- from the (atomic) 93 

hydrogen in the Earth’s geocorona is an important, likely dominant, generation source 94 

for the quiet night D region at low and middle latitudes away from the polar regions; 95 

towards the polar regions galactic cosmic rays become significant. Electron 96 

precipitation from the radiation belts can also contribute at mid-latitudes at least 97 

during disturbed times. Closer to the polar regions and particularly within the polar 98 

regions electron precipitation is likely to be a major contributor even at quiet times. 99 

 100 

Here we determine the characteristics of the lower edge of the quiet nighttime polar D 101 

region, in particular to find if there is evidence that the ionization is maintained 102 

significantly by electron precipitation even during quiet times. Of course the polar 103 

ionosphere is likely seldom, if ever, truly quiet. So, our quiet periods will in fact 104 

include the bulk of the observations but will exclude periods which are clearly 105 

significantly disturbed or likely to be so. The VLF propagation paths used here are 106 

shown in Figure 1. The three short (<~2000 km) nearly all-sea paths are shown in 107 

Figure 1a. These include the principal path here of JXN on 16.4 kHz from ~67°N in 108 
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Norway to ~79°N at Ny-Ålesund, Svalbard, and the other two short paths, NRK 109 

(~64°N, 37.5 kHz), Grindavik, Iceland, to Ny-Ålesund and JXN to Reykjavik, 110 

Iceland. Figure 1b shows the long (~5302 km), nearly all-sea path from JXN to 111 

Fairbanks (~65°N), Alaska. Figure 1c shows the non-polar path from NPM (~21°N), 112 

Hawaii, to Fairbanks used in Section 4 to check the consistency of the gain of the 113 

Fairbanks antenna. 114 

  115 

2. JXN (Norway) to Ny-Ålesund (Svalbard) 116 

2.1 Observations 117 

JXN is a VLF transmitter on the west coast of Norway near 66.98°N, 13.87°E which 118 

radiates, with stable phase and amplitude, at 16.4 kHz modulated with 200-baud MSK 119 

(minimum shift keying). The radiated power is ~50 kW (Thomson et al., 2018) but 120 

the exact radiated power is not needed here because only the day-to-night differences 121 

in amplitude and phase are used; i.e., the night propagation parameters are measured 122 

relative to the previously measured daytime parameters as reported by Thomson et al. 123 

(2018). The signals from JXN are received 1334 km to the north on a loop antenna at 124 

Ny-Ålesund (78.92°N, 11.93°E), Svalbard, where their amplitudes and phases 125 

(relative to GPS 1-s pulses) are continuously recorded using an UltraMSK receiver 126 

(http://ultramsk.com); the Ny-Ålesund receiver is part of the AARDDVARK network 127 

(Antarctic-Arctic Radiation-belt Dynamic Deposition VLF Atmospheric Research 128 

Konsortia: e.g., Clilverd et al., 2009, 129 

http://www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm ). 130 

 131 

Figure 2 shows the diurnal variations of phase and amplitude of JXN observed at 132 

Ny-Ålesund for 3 representative equinoctial weeks, from top to bottom one each for 133 

http://ultramsk.com/
http://www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm
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March 2020, September 2019 and September 2018. Daytime at this longitude (~13°E) 134 

can be seen to be ~5-17 UT while night begins ~21 UT and ends ~2-3 UT, depending 135 

on whether the date is a little on the winter or summer side of equinox. For 136 

convenience and to avoid both the early settling of the night ionosphere and any pre-137 

midnight disturbances, we have chosen to use the night results (phases and 138 

amplitudes) from 0 UT up to just before the dawn period starts, i.e., typically up to 139 

~2-3 UT. During daytime, as can be seen in the plots, the amplitude and particularly 140 

the phase, in the absence of disturbances, vary remarkably little with time of day, i.e., 141 

with solar zenith angle, at these high solar zenith angles. This is consistent with polar, 142 

daytime generation of ionization being dominated by slowly varying precipitation or 143 

galactic cosmic rays rather than solar Lyman- which dominates at lower latitudes 144 

(Thomson et al., 2018). As can be seen in the amplitude panel for 23-29 September 145 

2019, the daytime amplitude is occasionally disturbed in only moderately active 146 

geomagnetic conditions; however, generally a quiet baseline amplitude is readily 147 

identified at about -42.0 dB (relative to a fixed but arbitrary level) in these amplitude 148 

plots, and this daytime baseline has been used here to record the day-night amplitude 149 

changes in dB. From the six panels in Figure 2, it can thus be seen that the day-night 150 

changes in phase and amplitude are ~60-70° and ~5-7 dB respectively. Similar plots 151 

were also made for the remaining available equinoctial days between September 2014 152 

and March 2020. No data were available for the equinoxes September 2013, March 153 

2014 and March 2015; data for the September 2017 equinox were available but were 154 

not used because of the clearly high geomagnetic activity up to about the middle of 155 

September or so (e.g., Clilverd et al., 2018; Dimmock et al., 2019) and then another 156 

later burst (Kp = 6+/7- on 27/28 September). Over the 10 available equinoctial 157 
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periods (220 days in total) between 2014 and 2020 the average day-night changes in 158 

phase and amplitude were 62° and 6.2 dB respectively. 159 

 160 

2.2 Comparing with Calculations: Determining Arctic Nighttime H' and  161 

A slightly modified version (e.g., Thomson et al., 2018) of the US Navy code LWPC 162 

(Long Wave Propagation Capability; Ferguson & Snyder, 1990; see also Ferguson, 163 

1998) was used to calculate the phase and amplitude of JXN (16.4 kHz) 1334 km to 164 

the north at Ny-Ålesund, using an appropriate range of D region parameters. These 165 

calculated phases and amplitudes were then compared with the observations to look 166 

for a match and so determine which D region parameters best describe the night polar 167 

D region. As previously for the daytime Arctic D region and for the day and night D 168 

regions at lower latitudes (e.g., Thomson, 1993, 2010; Thomson et al., 2007; 169 

Thomson & McRae, 2009; Thomson et al., 2011a, 2011b, 2012, 2014, 2017, 2018), 170 

the D region was modeled with the Wait height and sharpness parameters H' and  171 

(Wait & Spies, 1964). Figure 3a shows the calculated phases at Ny-Ålesund for a 172 

range of H' and , as colored lines with plot symbols described in the legend to the 173 

right. The calculated phases plotted on the left hand side in the graph panel (heights, 174 

H', below ~74 km) are most appropriate for daytime while those on the right hand 175 

side (heights, H', above ~75 km) are more appropriate for nighttime. Similarly Figure 176 

3b shows the calculated amplitudes for the same values of H' and . 177 

 178 

Thomson et al. (2018) found that the daytime summer D region in the Arctic in early 179 

June (at least in 2013) was best modeled with H' =73.7 km and  = 0.32 km
-1

. Before 180 

plotting this point in Figures 3a and 3b, allowance needs to be made for the D region 181 

altitude in summer being higher than at equinox in March or September because the 182 
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neutral air temperature between these heights and the Earth’s surface is mainly higher 183 

in the polar summer than at polar equinox. In Figure 3c, the NRLMSISE-00 neutral 184 

atmosphere model (https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php) has 185 

been used to calculate the seasonal height changes for the level where [N2] = 1.31  186 

10
21

 m
-3

; this value is slightly arbitrary but is chosen to be the same as was used to fit 187 

measured H' values in a similar but lower latitude plot in Thomson et al. (2011b). As 188 

can be seen here, Figure 3c predicts H' =68.4 km in the Arctic at the March equinox 189 

and H' = 69.1 km at the September equinox which would average at 68.75 km. 190 

However, for early June, the plot gives H' as ~73.0 km whereas the 2013 191 

measurements of Thomson et al. (2018) found H' = 73.7 ± 0.7 km, so that taking H' as 192 

~69.0 km might appear to be a better compromise estimate for average daytime Arctic 193 

equinox. However, increased auroral and geomagnetic activity near the equinoxes 194 

(e.g., Lockwood et al., 2020) as compared with (say) the June solstice, means that the 195 

equinoctial value of H' is likely to be a little lower than the ~69.0 km deduced above 196 

due to increased electron precipitation which is likely a significant determinant of 197 

daytime H' in the polar regions (Thomson et al., 2018).  198 

 199 

In Figures 3a and 3b, the above observed 220-day-average equinoctial day-night 200 

changes of 62° in phase and 6.2 dB in amplitude are depicted as the heights of the 201 

superposed black dashed rectangles in each figure. Although the heights of these 202 

rectangles are well-determined from the observations, the exact placement of the 203 

lower left (or ‘day’) corner of the amplitude rectangle in Figure 3b requires some 204 

additional considerations. This ‘day’ corner should likely be near the  = 0.32 km
-1

 205 

contour as observed for June 2013 (as noted above). It could be at  = 0.32 km
-1

 and 206 

H' =69.0 km (as deduced above, i.e., at amplitude 65.4 dB on the ordinate) but this 207 

https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php
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would be making virtually no allowance for extra geomagnetic activity and 208 

precipitation at equinox compared with (June) solstice. Hence, the ‘day’ corner could 209 

well be lower at, say, H' = 67.0 km and  = 0.32 km
-1

 which would give a higher 210 

daytime calculated amplitude of ~66.7 dB, nearly the same as for the June solstice 211 

values of H' = 73.7 km and  = 0.32 km
-1

.  However, this would then result in rather 212 

high nighttime values of ; the mean nighttime  would be 0.7-0.8 km
-1

 which is 213 

possible but, as half the day-night amplitude changes are greater than 6.2 dB, and 214 

many (see Figure 3e) are ~1 dB higher, i.e., around 7.2 dB, the resulting inferred 215 

values of polar nighttime  would, in Figure 3b, be much higher than the 0.6 – 0.7 216 

km
-1

 measured at night at low and middle latitudes (Thomson et al., 2007; Thomson 217 

& McRae, 2009). This seems unlikely. Hence, a compromise position for the ‘day’ 218 

corner of the amplitude rectangle in Figure 3b was chosen, as shown, at  = 0.32 km
-1

 219 

and H' = 68.0 km (i.e., at an amplitude of 66.0 dB). This means the ‘day’ or upper left 220 

corner of the phase rectangle in Figure 3a must also be taken at 68.0 km. Then, in 221 

both Figures 3a and 3b, the rectangles must be extended to the right into the nighttime 222 

contours until they both have the same nighttime values of and H' and . This can 223 

thus be seen to give H' = 79.2 km and  = 0.6 km
-1

 for the mean night polar 224 

equinoctial ionosphere. Note that, while the exact placement of the dashed rectangle 225 

has small but noticeable effects on the nighttime amplitudes and values of  in Figure 226 

3b, the corresponding effects on the phases and heights, H', in Figure 3a are near 227 

negligible. 228 

 229 

2.3 Variations in Day-Night Phase and Amplitude Shifts, and in H' and . 230 

As was seen in the observational plots of the JXN to Ny-Ålesund phases and 231 

amplitudes in Figure 2, there are significant geophysical variations from day to day in 232 
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the day-night changes in both phase and amplitude about their mean values. The 233 

distributions of these variations in day-night changes in phase and amplitude are 234 

shown in the histograms in Figures 3d and 3e respectively. To avoid the difficulty of 235 

deciding exactly when the night begins, and for systematic convenience, the night 236 

phases and amplitudes were generally measured between 0 UT and the first signs, in 237 

the plots, of dawn starting to break, normally between 1-3 UT, i.e., typically averaged 238 

over a period of ~2 hours after midnight. As can be seen from the plots in Figure 2, 239 

the daytime phases and amplitudes were not typically very time dependent (i.e., little 240 

solar control as noted above) and so were generally taken as an average of an hour or 241 

two either side of midday (~11 UT) but, particularly in the case of amplitude, 242 

excluding any disturbances, especially like those in Figure 2d. 243 

 244 

The range of these variations in the (equinoctial) night ionosphere is depicted in a 245 

different way in Figure 3a where the average phase shift for the 22 (10%) of the 220 246 

equinoctial nights which had the largest day-night phase shifts (which corresponded 247 

approximately to the quietest nights) is shown as the dotted blue horizontal line 107° 248 

below the day phase (as opposed to the 62° for the mean night). Correspondingly, in 249 

Figure 3b the blue dotted line shows the mean amplitude (5.6 dB above the day 250 

amplitude) for these same 22 quiet equinoctial nights (i.e., those with the greatest 251 

phase shifts). As can be seen in Figures 3a and 3b, the corresponding height and 252 

sharpness for these 22 quiet nights are H' = 83.2 km and  = 0.52 km
-1

. Similarly the 253 

average phase shift for the 22 (10%) of the 220 equinoctial nights here with the 254 

smallest day-night phase shifts (corresponding approximately to the most active of the 255 

220 nights) was 28° as illustrated by the red dotted lines in Figure 3a and 256 

correspondingly as 5.4 dB average in Figure 3b. From these two figures, it can be 257 
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seen that the corresponding height and sharpness for these 22 active nights are 258 

H' = 75.1 km and  ~ 0.8 km
-1

. While this indicates that low values of H' correspond 259 

to higher magnetic activity and accompanying higher precipitation, this value of 260 

H' ~ 75 km does not represent any sort of high activity limit because the 220 days 261 

included in the data set here intentionally excluded a small number of high activity 262 

days, specifically those near the September equinox of 2017. 263 

 264 

On the other hand, the H' ~ 83 km for the 10% of least active nights is a more 265 

meaningful (upper) limit because no nights were excluded because of low activity. It 266 

is interesting to now compare this upper limit of H' ~ 83 km for the least active polar 267 

nights here with the H' = 85.1 ± 0.4 km found by Thomson et al. (2007) for a variety 268 

of low and middle latitudes on quiet nights where precipitation did not appear to be 269 

making significant contributions to production. Calculations using NRLMSISE-00, 270 

similar to those shown in Figure 3c but for a height of 85.1 km at night for the paths 271 

used by Thomson et al. (2007), give, on average,  [N2]  1.30  10
20

 m
-3

 (range ~1.1–272 

1.4   10
20

 m
-3

). NRLMSISE-00 also shows that, for the JXN to Ny-Ålesund path at 273 

the March/September equinoxes, this value of [N2]  1.30  10
20

 m
-3

 occurs at the just 274 

slightly lower average height of  ~84.25 km. It can thus be seen that at times of lowest 275 

activity, and so lowest precipitation fluxes, polar H' and likely the dominant polar 276 

production sources too are tending close to the situation at non-polar latitudes – i.e., 277 

driven by Lyman- from the geocorona and galactic cosmic rays (e.g., Thomson et 278 

al., 2007). 279 

 280 

To further investigate the role of magnetic activity and accompanying precipitation in 281 

ionizing the lower polar D region, at least for the JXN to Ny-Ålesund path, 282 
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magnetometer records were examined from the Swedish site at Abisko (68.36° N, 283 

18.82° E), ~200 km from this path and in the vicinity of the auroral electrojet. In 284 

Figure 3f, each day-night phase shift in degrees (representative of the D region height 285 

at night as seen in Figures 3a and 3b) is plotted against the corresponding peak range 286 

of dBx/dt in nT/min, on a log axis scale (representing the auroral electrojet activity 287 

levels and so the likely precipitation fluxes) for the 220 equinoctial nights here, in the 288 

same nighttime interval, 0 UT to dawn (~2-3 UT) as used in section 2.1 for averaging 289 

each night's phase in degrees. Values of dBx/dt at Abisko were obtained from 290 

INTERMAGNET (https://www.intermagnet.org/data-donnee/dataplot-291 

eng.php?type=dbdt_xyz ) which plots ∆Bx/∆t as dBx/dt using 1-minute Bx data, i.e., ∆t 292 

= 1 minute, so that there are 60 values per hour of dBx/dt = ∆Bx/∆t in their plots. The 293 

peak range values of dBx/dt plotted here in Figure 3f are the differences between the 294 

most positive and most negative values of dBx/dt appearing in each of the relevant 2-3 295 

hour time intervals. While there is a fair amount of scatter in Figure 3f, there is none-296 

the-less a clear correlation with higher activity (higher dBx/dt) associated with smaller 297 

day-night phase shifts, corresponding to the lower edge of the night D region forming 298 

at lower altitudes when there are higher levels of precipitation, and at higher altitudes 299 

for lower levels of precipitation. 300 

 301 

Figure 4 shows examples of JXN to Ny-Ålesund observations in 2014 and 2015, thus 302 

near to solar maximum. For many, but not all of the recordings, in the period 2014-303 

2016, e.g., those for 2014 shown here, JXN was on-air for only 1 or 2 hours in every 4 304 

hours. The receiver phase is modulo 90° (Thomson, 2017), and although rather 305 

apparent in these on/off sequences, is fortunately fairly readily allowed for, even in 306 

these on/off sequences, for JXN here on 16.4 kHz.  In Figure 4e the day-night phase 307 

https://www.intermagnet.org/data-donnee/dataplot-eng.php?type=dbdt_xyz
https://www.intermagnet.org/data-donnee/dataplot-eng.php?type=dbdt_xyz
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shift versus year, and so solar cycle, shows a tendency for smaller day-night phase 308 

shifts towards solar maximum likely caused by slightly more nighttime precipitation 309 

then, resulting in a slight lowering of the night D region. 310 

 311 

3. NRK to Ny-Ålesund and JXN to Iceland 312 

3.1 NRK (Iceland) to Ny-Ålesund 313 

Signals from VLF transmitter, NRK (63.85°N, 22.47°W) near Grindavik, Iceland, on 314 

37.5 kHz modulated with 200-baud MSK, are also received on the loop antenna 315 

system at Ny-Ålesund, 2014 km to the north-northeast of the transmitter. The path, 316 

which is again mainly over the sea, is shown in Figure 1a. Examples of the resulting 317 

observed diurnal phase and amplitude variations, from the fairly typical equinoctial 318 

period 15-21 September 2019, are shown in Figures 5a and 5b respectively. 319 

Calculated phases and amplitudes for the path, using LWPC, are shown in Figures 5c 320 

and 5d respectively where the range of values of H' and  is similar to those used for 321 

the JXN to Ny-Ålesund path (in Figures 3a and 3b). 322 

 323 

In Figure 5a it can be seen that the average observed day-night phase shift for NRK to 324 

Ny-Ålesund is 210° which, mainly due to the much higher transmitter frequency of 325 

37.5 kHz and the somewhat longer path, is much larger than the average 62° for the 326 

JXN to Ny-Ålesund path. This day-night shift of 210° is then used in the calculated 327 

phase plots of Figure 5c as the height, in degrees, of a dashed phase rectangle in a 328 

very similar way to that in Figure 3a for JXN to Ny-Ålesund. The upper left (i.e., the 329 

‘day’) corner of this dashed rectangle is at H' = 68.0 km and  = 0.32 km
-1

 to match 330 

with Figure 3a above. As can be seen, when the dashed rectangle was extended to the 331 

right into the night parameter region to meet the  = 0.6 km
-1

 contour (as found above 332 
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for the similar Arctic path, JXN to Ny-Ålesund), the height, H', can be seen to be 333 

~79.3 km, essentially the same as was found for the JXN to Ny-Ålesund path. This 334 

agreement thus provides some further support (in addition to that already given in 335 

Section 2.2) for taking 68.0 km as the daytime value of H' here in the Arctic at 336 

equinox. A cursory examination of several other NRK to Ny-Ålesund equinoctial 337 

periods (March and September) between 2014 and 2020 was fairly supportive of 210° 338 

being close to the average day-night phase shift. However, even though, unlike JXN, 339 

NRK was on fairly continuously (i.e., did not have periods when it was on for only 340 

one hour in four or one hour in two etc), it was none-the-less not always easy to 341 

identify, or rule out, 90° phase jumps on NRK (on 37.5 kHz as opposed to JXN on 342 

16.4 kHz) during dawn or dusk. This uncertainty meant that a formal averaging 343 

analysis of the equinoctial, NRK to Ny-Ålesund observations was not likely to 344 

improve the average day-night phase shift estimate and so was not implemented. 345 

 346 

The observed day-night amplitude change in Figure 5b is ~6.4 dB; when this is used 347 

in the calculated amplitude plots in Figure 5d with the lower left, or ‘day’ corner, of 348 

the dashed amplitude rectangle at H' = 68.0 km and  = 0.32 km
-1

, the night value of 349 

H' = 79.3 km (from Figure 5c) corresponds to  = 0.55 km
-1

, rather than 0.6 km
-1

. If 350 

this fairly small difference were the only amplitude related uncertainty for the 351 

37.5-kHz, NRK to Ny-Ålesund path, it might not be of any real significance. 352 

However, there were some additional issues. For the three March equinoctial periods 353 

examined (2017, 2019 and 2020) the daytime amplitude was very variable and 354 

typically much lower (5-15 dB or more) than for the September equinoxes, giving 355 

large and clearly inappropriate day-night shifts. By late April the daytime amplitudes 356 

had greatly stabilized and if these daytime amplitudes were used with the March night 357 
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amplitudes (there being very little night, if any, by late April), day-night amplitude 358 

shifts of ~7-8 dB were found, which would fit with H' = 79.3 km and  = 0.6 km
-1

 in 359 

Figure 5d (and thus would agree with the results from JXN to Ny-Ålesund in Figures 360 

3a and 3b). For the September equinoxes, the daytime NRK to Ny-Ålesund 361 

amplitudes were generally well behaved but the average day-night shift appeared to 362 

be ~5.2 dB, i.e., lower than the 6.4 dB for 15-21 September 2019 in Figure 5b. The 363 

reasons for these amplitude issues are not known. They may possibly relate to the 364 

rather high frequency of 37.5 kHz being sensitive to some amplitude peculiarities in 365 

the Arctic ionosphere. 366 

 367 

None-the-less, as indicated above, if  is taken as 0.6 km
-1

, from the 16.4 kHz JXN to 368 

Ny-Ålesund measurements, then the average 210° day-night phase shift for the 369 

September equinoxes observed for the NRK to Ny-Ålesund path agrees very well, in 370 

Figure 5c, with the H' = 79.2 km and  = 0.6 km
-1

 found from the JXN to Ny-Ålesund 371 

path in Figures 3a and 3b, based on the observations at all available equinoxes. 372 

 373 

3.2 JXN (Norway) to Reykjavik (Iceland) 374 

As indicated in the Supporting Information, observations from the VLF path JXN to 375 

Reykjavik together with the corresponding LWPC calculations also provide some 376 

support for the night polar values of H' = 79 km and  = 0.6 km
-1

 determined above. 377 

 378 

4. JXN (Norway) to Fairbanks (Alaska) 379 

The 16.4-kHz signals from the Norwegian transmitter JXN (66.98°N, 13.87°E) have 380 

also been monitored at Fairbanks (64.8737°N, 147.8605°W), using a VLF receiver 381 

running the UltraMSK software, since November 2018. The 5302-km path is 382 
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shown in Figure 1b where it can be seen to be largely over the Arctic Ocean, 383 

passing fairly near Ny-Ålesund and the North Pole, with only a small proportion 384 

(~11%) being over land (in northern Alaska). The path covers about 162° of 385 

longitude or ~10.8 hours of local time so the only times when it is completely in 386 

darkness are in the winter, and the only times when it is completely in daylight 387 

are in the summer. This meant that it was not practicable to determine the phase 388 

difference between day and night because the phase jumps or instabilities of the 389 

transmitter (in particular) and the receiver could not be readily tracked and 390 

compensated for over the ~6 months between all-day and all-night. However, 391 

the amplitude of the transmitter (i.e., the power radiated) does not suffer this 392 

difficulty because it is normally very stable and, on the rare occasions when JXN 393 

operated on reduced power, this could be checked and detected on the relatively 394 

nearby receivers at Ny-Ålesund, Reykjavik, or Eskdalemuir (Scotland). Phase jump 395 

errors accumulate but amplitude changes do not; hence use of amplitude changes only 396 

was appropriate here. 397 

 398 

Figure 6a shows the observed amplitudes of JXN at Fairbanks versus hours UT. The 399 

red curve near the bottom of the plot (at ~ -62.0 dB) shows the average amplitude for 400 

summer daytime for the period 2-28 June 2019 UT while the black line in the upper 401 

part of the plot shows the winter night average amplitude (at ~ -53.5 dB) for ~43 (39-402 

45) ‘days’ from the winter periods 22 November  – 11 December 2018, 14 January – 403 

3 February 2019 and 22 November – 4 December 2019. Basically this included all 404 

available winter ‘days’ (i.e., nights) when JXN was on-air, and the receiver was 405 

operating correctly, except for 5-9 Dec 2019 after JXN went off-air for an hour or so 406 

and then came back on-air on reduced power. No valid data were available for 407 
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January 2020 because of a receiver fault. The data are plotted at 1-minute resolution. 408 

For each minute the standard deviation was calculated for the ~43 winter nights; the 409 

two grey curves are at one standard deviation on each side of the black average winter 410 

night curve to give an indication of the amount of (geophysical) scatter from night to 411 

night. For each minute, the standard deviations were also divided by the square root 412 

of the number of nights (~43) to give the standard deviation of the mean; the two 413 

bluish lines immediately on either side of the black average line are at one standard 414 

deviation of the mean from the average line, thus displaying the small measure of 415 

uncertainty in dB of the black average line. Similarly, for the summer day curve, the 416 

red/orange lines on either side of the average line are at one standard deviation of the 417 

mean from it. While more summer days were available (e.g., in July) the ~21 used in 418 

the average are clearly sufficient to get a good low statistical error. 419 

 420 

In Figure 6a, midnight and midday at the midpoint of the path are at ~4 UT and ~16 421 

UT in winter and summer respectively. As can be seen, the recording is showing 422 

8.5 dB difference in amplitude between midday and midnight. Figure 6b shows the 423 

LWPC amplitude calculations for this JXN-Fairbanks path for appropriate values of 424 

H' and . The dotted vertical line at H' = 73.7 km together with the dotted horizontal 425 

line at  = 0.32 km
 -1

 show the summer day values previously measured from the JXN 426 

to Nome, Alaska, path (Thomson et al., 2018) which can be expected to be very 427 

similar to the JXN-Fairbanks path. It is immediately apparent that the recorded 428 

observed value of 8.5 dB, between summer day and winter night amplitudes, is much 429 

too large. The reason for this is very likely due to the gain of the receiving system at 430 

Fairbanks being lower in summer than in winter. This occurs because, at Fairbanks, 431 

unlike at most other AARDDVARK receiving sites, the receiving antenna is a vertical 432 
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dipole (measuring the vertical electric field, Ez) rather than a loop (measuring the 433 

magnetic field, Hy). The Fairbanks antenna is also in a clearing in a forest of tall trees 434 

and its gain has been observed to be significantly sensitive to rain with, for example, 435 

both the NPM and JXN amplitudes dropping markedly during rain days such as 1 436 

June 2019. While such rain effects are not a common occurrence they are none-the-437 

less fairly unequivocal; examples can be seen in the Supporting Information. 438 

 439 

The extent of the seasonal change in gain can be found from the recorded 440 

observations of NPM, Hawaii, at Fairbanks shown in Figure 6c, when compared with 441 

LWPC calculations for this all-sea, mainly low and mid-latitude path. In Figure 6c, 442 

the summer day amplitudes averaged are from 2-28 June 2019 (as for the summer day 443 

amplitudes for JXN in Figure 6a), while the winter day amplitudes averaged are those 444 

available from December 2018, 3-6 January 2019 and late November 2019, being 445 

about 31 days in total. As can be seen, the winter day average amplitude was recorded 446 

as 0.75 dB higher than the midday summer amplitude. For the LWPC calculations, 447 

appropriate solar zenith angle dependent values of H' and  were determined based on 448 

the season (summer or winter) and the varying latitudes along the path. These midday 449 

values of H' and  were estimated along both the summer and the winter paths from 450 

the observational results of Thomson et al. (2011a, 2011b, 2014, 2017, 2018), McRae 451 

and Thomson (2000) and Thomson (1993). LWPC was thus found to predict the 452 

midday amplitude, in dB > 1 µV/m, of NPM at Fairbanks in summer as 60.8 453 

(corresponding to H' = 70.2 km and  = 0.45 km
-1

 averaged along the path) and in 454 

winter as 57.8 (corresponding to H' = 74.3 km and  = 0.32 km
-1

 averaged along the 455 

path). Thus the receiver (antenna) gain at Fairbanks was greater in winter than in 456 

summer by 60.8 – 57.8 + 0.75 = 3.75 dB. Hence the 8.5 dB by which JXN's winter 457 
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night amplitude appears greater than its summer day amplitude in Figure 6a needs to 458 

be reduced by this 3.75 dB to give the true night-day measured amplitude difference 459 

as 8.5 – 3.75 = 4.75 dB which is thus shown appropriately in Figure 6b as an 460 

increment from the summer day value of 52.3 dB (at H' = 73.7 km and  = 0.32 km
-1

). 461 

 462 

While the amplitude only observations for JXN-Fairbanks cannot fully define the 463 

height, H', they do provide some constraints: Figure 6b does indicate that night values 464 

of H' in the range ~79-84 km are rather unlikely. However, the night height H' = 79.2 465 

km determined from the JXN to Ny-Ålesund path at equinox in section 2.2 can be 466 

used after adjusting it to winter. At a height of ~79 km, NRLMSISE-00 finds [N2]  467 

3.0  10
20

 m
-3

 at equinox but in mid-winter this value of [N2] occurs at a height of 468 

~76 km, nearly 3 km lower. However, as mentioned above, because geomagnetic 469 

activity and precipitation are likely to be lower on average near winter solstice 470 

compared with equinox, a better estimate for average H' in the Arctic winter night is 471 

likely ~77 km which is shown as dotted vertical line in Figure 6b. The likely 472 

uncertainty in the 4.75 dB night-day amplitude estimated in the last paragraph is 473 

probably dominated by the uncertainty in the winter propagation calculation because 474 

summer day is generally more predictable and most of the observations in the 475 

references cited relate to summer or equinox conditions. This also means it is not 476 

entirely straightforward to estimate the uncertainty in the winter day calculations. 477 

However, it seems the uncertainty is not likely to be less than ± 0.5 dB but could be 478 

up to ~± 1 dB. These uncertainties are shown as shaded and dotted in Figure 6b where 479 

it can also be seen that the night amplitude on the long JXN-Fairbanks path is 480 

consistent with  = 0.6 km
-1

 and H' = 77 km in winter and so (as discussed above) 481 

with  = 0.6 km
-1

 and H' = 79.2 km from the JXN to Ny-Ålesund path at equinox. 482 
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 483 

 484 

5. Comparisons with Others, and Electron Number Densities 485 

5.1 H' and  Comparisons, in particular with the US Navy 486 

Forty year ago, Ferguson (1980) reported on the night D region parameters for the US 487 

Navy using VLF radio amplitude observations on aircraft flight paths. Two of these 488 

paths were in the Arctic or had a significant part in the Arctic: two flights from 489 

Sentinel, Arizona (32.8°N, 10 frequencies) ~northwards to Thule (78.5°N, Greenland) 490 

one each on 5 and 6 February 1974, and a flight from JHZ (16.4 kHz, 66.4°N, ~70 km 491 

south of current JXN) northward and over the North Pole (towards Hawaii) on 6 492 

February 1977. For the polar part of the Sentinel-Thule path, the best fit was reported 493 

as H' = 77 km with  = 0.8 km
-1

 (14-28 kHz); for the path from JHZ over the North 494 

Pole the best fit was reported as H' = 80 km with  = 0.5 km
-1

 (Table 4, Ferguson, 495 

1980). The LWPC’s ‘polar night model’ (not used here) has H' = 80.5 km with  = 496 

0.33 km
-1

 programmed in. The CCIR (1990, now ITU) recommended, for polar 497 

latitudes, H' = 76 km with the same frequency dependent  as recommended by 498 

Ferguson (1980),  = 0.035f – 0.025 km
-1

 where f is the frequency in kHz (giving  = 499 

0.55 km
-1

 at 16.4 kHz). The concept of a frequency dependent  did not appear to 500 

have a physical justification and does not seem to have been adopted elsewhere. 501 

 502 

5.2 Electron Number Densities 503 

As discussed by Thomson et al. (2018), Wait (e.g. Wait & Spies, 1964) showed it was 504 

convenient to characterize the ionized D region of the ionosphere by using the 505 

parameter r = o
2
/ where  is the electron-neutral collision frequency and o is the 506 
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angular (electron) plasma frequency; hence r  3183Ne/ where Ne is the electron 507 

number density (since e
2
/ome  3183). Wait defined the height at which 508 

r = 2.5 × 10
5
 rad/s as H’, and r was taken to vary with height, h, as 509 

r = 2.5 × 10
5
 exp(h - H’)ß, thus defining  as a (near) constant with height, but 510 

varying with latitude, time of day, and solar cycle. This parameterization has been 511 

widely and successfully used (e.g. Thomson et al., 2018). Hence, having determined 512 

values of H’ and  from propagation measurements and modelling, as in sections 2, 3 513 

and 4 here, r can be found over a range of heights, h, from r = 2.5 × 10
5
 exp(h - 514 

H’)ß thus allowing Ne to be determined from r  3183Ne/ above, once the effective 515 

collision frequency, , has been determined. From Figure 2 of Deeks (1966),   516 

2.4m for the heights of 75-85 km here, where m is the monoenergetic collision 517 

frequency given by m = Kp where p is the pressure at height, h, and K = 6.4  10
5
, in 518 

SI units (Friedrich & Torkar, 1983). The pressure can be found from p = nkT where k 519 

is Boltzmann’s constant, while n, the neutral number density, and T, the neutral 520 

temperature, can be found from the NRLMSISE-00 atmospheric model. 521 

 522 

When this was done (more detail can be found in Thomson et al., 2018), electron 523 

number densities versus height were determined and are shown as the straight lines 524 

plotted in Figure 7 where the green lines are appropriate for equinoctial polar night 525 

and the blue lines are for winter polar night. The solid lines are the mean values, from 526 

the VLF observations reported here, for equinox (green) and winter (blue) while the 527 

dashed green lines are for the equinoctial upper and lower 10-percentile values 528 

determined in Section 2.2 and illustrated in Figures 3a and 3b. The dated dotted 529 

curves are from the rocket MF/HF radio wave propagation measurements of Friedrich 530 

et al. (2012 & 2013) and Strelnikov et al. (2019) at ~69 N above Andøya, Norway. 531 



 23 

The (thin) blue dashed line was calculated for H' = 77 km and  = 0.7 km
-1

 for 532 

comparison with the slope of the H' = 77 km and  = 0.6 km
-1

 mean winter solid blue 533 

line and the slopes of the rocket observations. With the possible exception of the red 534 

rocket curve for 4 December 2010 near the top of Figure 7 (see below), the electron 535 

number density rocket measured curves clearly have similar slopes and height ranges 536 

to the VLF measured lines. Similarly, Singer et al. (2011) using a vertically directed 537 

MF (3.19 MHz) radar also from Andøya near 69 N, found similar profiles; in 538 

particular, those from 4 December 2004 and 2 January 2005 (at solar zenith angles of 539 

103 and 129 respectively) track essentially between, and roughly parallel to, the 540 

solid green and blue lines in Figure 7 (though not shown there to avoid clutter). 541 

 542 

The red rocket-measured profile for 4 December 2010 (mentioned above) at the top of 543 

Figure 7 is described by Friedrich et al. (2012) as being the lowest (electron density at 544 

each height) ever measured at auroral latitudes. Indeed it occurred during very quiet 545 

conditions: apart from a very brief spike of ~2nT/min on By all the dB/dt values were 546 

below 1 nT/min, and the 3-hourly values of Kp, for at least the measurement time and 547 

the preceding 36 hours, were all 0 or 0+ (ap = 0 or 2) apart from one at 1- (ap = 3). 548 

The red dashed straight line with H' = 84.2 km and  = 0.6 km
-1

, shown near the top 549 

of Figure 7, is an approximate fit to this 4 December 2010 rocket profile. As in 550 

Section 2.3 above, this can also be compared with the H' = 85.1 ± 0.4 km and  = 0.63 551 

± 0.04 km
-1

 found by Thomson et al. (2007) for the average quiet night mid-latitude D 552 

region. As already noted in Section 2.3, at 85.1 km at mid-latitude [N2]  1.30  10
20

 553 

m
-3 

; this corresponds to an air number density  1.65  10
20

 m
-3

 which Rapp et al. 554 

(2001) observed to occur at 69 N in January-March at a height of ~83.6 km. While 555 

the mid-winter (December) value of this height would be expected to be a few tenths 556 
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of a km lower (perhaps 83.2 km) than the January-March value, the 85.1 km at mid-557 

latitude is an average but the plots in Thomson et al. (2007) show that night to night 558 

fluctuations are at least ~±1 km, so that 84.2 km is fairly well within the extreme 559 

range. Thus this lowest auroral electron density profile, occurring during very quiet 560 

geomagnetic conditions, does, as might be expected, seem to be minimally influenced 561 

by energetic electron precipitation (EEP), and so is generated more like a nighttime 562 

mid-latitude profile, i.e., by geocoronal Lyman- and galactic x-rays. 563 

 564 

Additional nighttime D region electron density profiles measured with rockets using 565 

MF/HF radio wave propagation can be found in Friedrich & Torkar (Fig. 5, 1995). Of 566 

these, ~20 profiles have electron densities going down to, or nearly to, 100 cm
-3

 with 567 

the average height at which this density occurs being ~74 km; i.e., somewhat below 568 

the corresponding average height in our Figure 7, and close to our lowest green 569 

dashed line (H' = 75.1 km,  = 0.8 km
-1

 slightly arbitrarily defined in section 2.3 570 

above). However, Friedrich & Torkar (1995) do not give individual details (dates, 571 

magnetic activity) for their ~20 profiles so that it could well be that their average 572 

electron number density of ~100 cm
-3

 at 74 km is higher than that seen in our Figure 7 573 

because they have included profiles from more active times than in our Figure 7. 574 

 575 

Comparisons between D region modeling and measured electron densities have also 576 

been made. Siskind et al. (2018), reported that their modeled electron densities, at 577 

heights where these were relatively small, ~100 cm
-3

 (at ~60-70 km by day), tended to 578 

be smaller than the rocket wave measured electron densities but their modeled values 579 

agreed more closely with VLF-measured quiet-time electron densities. 580 

 581 
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5.3 Day-Night Changes in the Polar D Region 582 

At low and middle latitudes, the D region changes vary markedly between day and 583 

night, as particularly evidenced by the diurnal changes in amplitude and phase along 584 

VLF radio paths (e.g., Thomson et al., 2011b & 2017). This is principally caused by 585 

the change in the main ionizing source: direct Lyman- from the Sun by day reducing 586 

dramatically by night to the small amount of indirect Lyman- reradiated by the 587 

hydrogen in the Earth’s geocorona. As discussed above, the principal ionizing source 588 

in the polar regions is likely energetic electron precipitation both by day and by night. 589 

However, as was clear above, particularly in Figures 2-5, even in the polar regions 590 

there are also marked changes between day and night. These are likely due to changes 591 

in the electron loss processes, in particular, in the lower D region (below 70-80 km) 592 

the attachment of free electrons to neutral molecules to form negative ions (which are 593 

much too heavy to affect most radio waves, such as VLF or HF). The initial 594 

attachment is usually to an O2
 
molecule: e

_

 + O2 + M  O2

_

 + M, where M is another 595 

neutral molecule, typically O2 or N2 (enabling conservation of both energy and 596 

momentum in the reaction). The speed of the reaction is thus proportional to the 597 

square of the neutral density, resulting in the reaction being significant only in the 598 

lower part of the D region where neutral densities are higher. In the absence of 599 

sunlight, these O2

_

 negative ions react with other atmospheric neutrals typically 600 

resulting in other (hydrated) negative ions, based on CO3

_

 and, in particular, NO3

_

, 601 

becoming the dominant negative ions in the lower D region at night, leaving very few 602 

free electrons. When sunlight returns at dawn, the electrons are rapidly photo-603 

detached from these negative ions, resulting in electrons being plentiful in the lower 604 

D region by day but not by night (e.g., Reid, 1976, 1987; Verronen, 2006). It has also 605 
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been reported that atomic oxygen reinforces this effect by day by destroying negative 606 

ions; at night the atomic oxygen concentration in the lower D region is much lower 607 

than by day because at night there is no solar radiation to dissociate O2 molecules 608 

(Osepian et al., 2008; see also Barabash et al., 2012, Friedrich et al., 2011). Thus at 609 

dusk the D region changes relatively slowly from day to night because the lifetime of 610 

atomic oxygen is quite long, e.g., ~2 h and ~0.3 h at heights of 80 km and 75 km 611 

respectively (Banks & Kockarts, 1973), and so the atomic oxygen continues 612 

destroying the negative ions for up to an hour or two after dark, whereas at dawn, the 613 

return of sunlight photo-dissociates the numerous negative ions quite rapidly, as can 614 

be seen in VLF plots such as in Figures 2 and 4. 615 

 616 

6. Discussion, Summary and Conclusions 617 

In Section 2, the observed day-night phase and amplitude changes for 220 (relatively 618 

undisturbed) equinoctial nights for the Arctic Ocean path from JXN (16.4 kHz, 619 

~67°N) to Ny-Ålesund (~79°N), in the period 2014-2020, were compared with LWPC 620 

modelling for a wide range of night D region parameters, H' and , from a daytime 621 

base inferred from the observations of Thomson et al. (2018). It was found that the 622 

polar night D region was rather variable, particularly in height, with the mean 623 

equinoctial nighttime parameters being H' = 79.2 km and  = 0.6 km
-1

 – i.e., markedly 624 

lower in height, on average, than the H' = 85.1 km found at lower latitudes by 625 

Thomson et al. (2007). As noted in Section 2, this value of 85.1 km would be lower 626 

by only just a little, at 84.25 km, in the cooler equinoctial polar ionosphere; the 627 

markedly lower H’ in the polar regions (~79 km versus ~84 km) strongly implies that 628 

there is a significant further source of ionization in the polar night D region in 629 

addition to the solar Lyman- from the geocorona and galactic cosmic rays which 630 
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dominate the night D region at lower latitudes. Further the substantial observed 631 

variations in the polar H’ values from ~83.2km for the top 10% of the 220 nights 632 

through to ~75.1 km for the lowest 10% of nights is consistent with a rather variable 633 

additional source of ionization such as electron precipitation. Also significantly 634 

supporting the additional ionization coming from precipitation is the observation 635 

(from the propagation phases here) that the night values of H’ vary inversely with 636 

magnetic activity (log(dBx/dt) at nearby Abisko (Figure 3f). Vampola and Gorney 637 

(1983) showed that average nighttime polar EEP fluxes from the S3-2 satellite 638 

generate an ionization rate (at heights including 75-85 km) more than an order of 639 

magnitude greater than that from geocorona-scattered solar Lyman- (the principal 640 

nighttime ionization source at middle and low latitudes). Recently, van de Kamp et al. 641 

(2018) have provided refined maps of EEP fluxes, measured on the POES satellites, 642 

as functions of magnetic activity, MLT and L-value, clearly illustrating the rapid 643 

increases of EEP from L = ~4 to L = ~6 (i.e., on entry to the polar regions) and with 644 

increasing magnetic activity. 645 

 646 

In Section 3, the mean height of the equinoctial polar night ionosphere found from the 647 

principal JXN to Ny-Ålesund path on 16.4 kHz, H' = 79.2 km, was found to be 648 

supported by similar observations and analysis on the two similar short European 649 

Arctic paths NRK to Ny-Ålesund on 37.5 kHz and JXN to Iceland. 650 

 651 

In Section 4, the measurements on the much longer (5.3 Mm) Arctic path, JXN to 652 

Fairbanks, Alaska, were used to show  = 0.6 - 0.7 km
-1

 during winter night after 653 

comparing the observed (summer) day and (winter) night amplitudes and after 654 

allowing for the seasonal changes in the electric field receiving antenna. The night 655 
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amplitude measurements were also found to be consistent with H' = 77 km in winter 656 

as estimated from the NRLMSISE-00 atmospheric model; although the height could 657 

not be determined fully unambiguously, the VLF amplitude observations showed that 658 

night values of H' in the range ~79-84 km were quite unlikely. 659 

 660 

In Section 5, the values of H' and  determined here from VLF observations for the 661 

night polar D region were used to calculate and plot corresponding electron number 662 

density versus height profiles. These plots were then compared with six similar plots 663 

from the rocket-measured, in situ, wave propagation measurements of others. While 664 

our VLF technique here is generally constrained to produce straight lines for our 665 

profiles, the ranges of heights and slopes of the rocket electron density profiles 666 

generally agreed rather well with our VLF derived electron densities. While the rocket 667 

profiles are necessarily few in number, our equinoctial results used 220 nights and our 668 

winter results used ~43 nights. While the rocket profiles were all at 69 N over the 669 

Norwegian island of Andøya, our profiles are averages, in distance (rather than time) 670 

over much (1.3-5.3 Mm) of the Arctic; however, the agreement between techniques is 671 

generally rather good. Note that both these sets of results appear likely to apply to the 672 

Antarctic too. 673 

 674 

From our VLF measurements here, the lower edge of the night polar ionospheric D 675 

region has been shown to be characterized on average by  = 0.6 km
-1

, with H' = 79 676 

km near equinox and H' = 77 km in winter. In this region the ionization is maintained 677 

almost totally by energetic electron precipitation except in rare extremely quiet 678 

conditions.679 
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Data Availability Statement 680 

The raw data measurements underlying our VLF observations reported here are 681 

available at http://doi.org/10.5281/zenodo.4322270 682 

The atmospheric data shown in Figure 3c were obtained from the NRLMSISE-00 web 683 

model at https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php 684 

The magnetometer data from Abisko were recorded by the Geological Survey of 685 

Sweden and downloaded from INTERMAGNET at https://www.intermagnet.org/data-686 

donnee/dataplot-eng.php?type=dbdt_xyz 687 

Kp and ap magnetic indices came from the Helmholtz Centre Potsdam – German 688 

Research Centre for Geosciences GFZ: https://www.gfz-potsdam.de/en/kp-index/ 689 

(using: ftp://ftp.gfz-potsdam.de/pub/home/obs/kp-ap ) 690 

The references cited for the non-VLF data in Figure 7 were published under a 691 

Creative Commons CC Attribution 3.0 or 4.0 License. 692 

The weather data used in the Supplementary Information came from NOAA at 693 

https://www.ncdc.noaa.gov/cdo-web/search?datasetid=GHCND 694 
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Figure Captions 886 
 887 
Figure 1. VLF radio paths used in this study. (a) Short paths in the Arctic: JXN (16.4 888 

kHz, Norway) to both Ny-Ålesund (Svalbard) and Iceland, and NRK (37.5 kHz, 889 

Iceland) to Ny-Ålesund. (b) The long Arctic path JXN to Fairbanks (Alaska). (c) The 890 

(mainly) mid-latitude path from NPM (21.4 kHz, Hawaii) to Fairbanks to monitor any 891 

variations in receiver antenna gain. 892 

Figure 2.  The observed diurnal phase and amplitude changes of JXN (16.4 kHz, 893 

~67N) at Ny-Ålesund (~79N) near equinox. (a & b) 15-21 March 2020 UT. (c & d) 894 

23-29 September 2019. (e & f) 15-21 September 2018. 895 

Figure 3.  Results from the JXN to Ny-Ålesund path at equinox. (a & b) LWPC 896 

calculations of (a) the phases and (b) the amplitudes of JXN at Ny-Ålesund for a 897 

range of values of H' and  compared with the observed day-night phase and 898 

amplitude changes: black dashed rectangles with numbers show the mean changes, 899 

while the blue and red dotted lines with numbers show these changes for the quietest 900 

and most active 10% of nights respectively. (c) The seasonal changes in the values of 901 

H’ as functions of latitude calculated from the neutral atmosphere model 902 

NRLMSISE00. (d & e) Histograms of the occurrence rates of observed day-night 903 

changes in (d) phase and (e) amplitude for equinoxes in the period 2014-2020. (f) 904 

Observed day-night phase changes as a function of magnetic activity measured in 905 

dB/dt (see text) at the nearby magnetic observatory at Abisko in Sweden.  906 

Figure 4.  Similar to Figure 2 but extending back to 2014 (near solar maximum). (a & 907 

b) 28 September – 4 October 2015. (c & d) 29 September – 5 October 2014. Note 908 

JXN on-air for only 1 hour in 4. (e) mean day-night phase shift versus year from solar 909 

maximum (~2014) to solar minimum (2019-2020) showing only marginal change. 910 

The black line is best fit to all ten (black) points. The red line is best fit to the nine red 911 
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points (i.e., when the point for March 2019 is omitted to give an indication of the 912 

marginality of the slope). 913 

Figure 5.  Similar to Figure 2 and Figures 3a & 3b but for the path NRK to Ny-914 

Ålesund. 915 

Figure 6.  Amplitudes (only) for the long (5300 km) JXN to Fairbanks path over the 916 

Arctic Ocean. (a) The recorded summer day (red) and winter night (black) mean 917 

amplitudes showing the day-night difference (8.5 dB). (b) The LWPC calculated 918 

amplitudes of JXN at Fairbanks for appropriate ranges of H' and  (day below ~75 919 

km and night above 75 km). (c) Mean amplitudes for NPM during winter day (blue) 920 

and summer day (red) recorded at Fairbanks to check the seasonal antenna change. 921 

See text for details. 922 

Figure 7.  Observed polar night electron number densities. The six straight lines, blue 923 

for winter and green for equinox, are the results from VLF radio propagation here, 924 

with their H' and  values given in the legend at top left. The solid lines are the 925 

averages for winter (blue) and equinox (green) respectively. The dashed green lines 926 

show the 10- and 90-percentile equinoctial limits from Figures 3a and 3b here. The 927 

dashed blue line is explained in the text. For comparison with the VLF results, the six 928 

curved dotted lines are each from a single rocket profile (with date as shown) from 929 

Friedrich et al., 2012 (F12), Friedrich et al., 2013 (F13) and Strelnikov et al., 2019 930 

(S19). ). The straight red dashed line is a (H', ) best fit to the rocket profile of 4 Dec 931 

2010. 932 
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