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Key Points: 7 

 Ionospheric lower D region electron density height profiles measured mid-8 

summer at a mid- to high geomagnetic dip latitude of 52.5 degrees 9 

 Midday D region height and sharpness measured as 72.8 +-0.2 km and 10 

0.345 +-0.015 per km
 
defining the electron density height profile 11 

 New technique has higher accuracy and higher latitude giving improved 12 

baseline for D region radio propagation and particle precipitation 13 

 14 
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Abstract 15 

VLF radio amplitude and phase measurements are used to find the height and 16 

sharpness of the D region of the ionosphere at a mid- to high geomagnetic dip latitude 17 

of ~52.5. The two paths used are both from the 23.4 kHz transmitter, DHO, in north 18 

Germany with the first path being northwards and mainly over the sea along the west 19 

coast of Denmark over a range of ~320-425 km, and the second, also mainly all-sea, 20 

to a single fixed recording receiver at Eskdalemuir in Scotland (~750 km). From plots 21 

of the measured amplitudes and phases versus distance for the first of these paths 22 

compared with calculations using the US Navy code, ModeFinder, the Wait height 23 

and sharpness parameters of the D region at midday in summer 2015 are found to be 24 

H’ = 72.8 ±0.2 km and ß = 0.345 ±0.015 km
-1

 at a solar zenith angle ~33. From 25 

phase and amplitude measurements at other times of day on the second path, the 26 

daytime changes in H’ and ß as functions of solar zenith angle are determined from 27 

shortly after dawn to shortly before dusk. Comparisons are also made between the 28 

modal ModeFinder calculations and wave hop calculations, with both giving similar 29 

results. The parameters found here should be useful in understanding energy inputs to 30 

the D region from the radiation belts, solar flares or transient luminous events. The 31 

midday values may be sufficiently precise to be useful for monitoring climate change. 32 

33 
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1 Introduction  34 

 35 

The lowest edge of the Earth’s ionosphere, typically found at heights around 70 km 36 

by day and around 85 km by night, forms the upper boundary, or ceiling, of the Earth-37 

ionosphere waveguide for VLF radio waves (at least for 3-30 kHz) and so determines 38 

many of the properties of this waveguide which is bounded below by the Earth’s 39 

surface (often sea water).  40 

 41 

VLF signals from man-made transmitters and from natural sources, such as lightning, 42 

propagate in this waveguide with fairly low attenuation and are thus detectable and 43 

often measurable after travelling distances of 12-15 Mm or more. The man-made VLF 44 

signals are often used for communicating with submerged military submarines 45 

because, not only do they have ranges of many thousands of kilometres horizontally, 46 

but their low frequencies also enable these signals to penetrate many metres into 47 

seawater. Man-made VLF signals are also used by scientific networks such as 48 

AARDDVARK (Antarctic-Arctic Radiation-belt Dynamic Deposition VLF 49 

Atmospheric Research Konsortia) in order to determine energy inputs into the upper 50 

atmosphere from energetic particle precipitation [Clilverd et al., 2009; 51 

http://www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm ]. Detailed 52 

knowledge of the undisturbed characteristics of the D region are important in 53 

identifying space weather perturbations of radio signals, and in being able to calculate 54 

the fluxes of particles involved [Neal et al., 2015]. The VLF radio signals propagating 55 

from distant lightning are used by networks such as WWLLN (World-Wide Lightning 56 

Location Network) to find the locations of the lightning strikes and hence 57 

thunderstorms etc. [Dowden et al., 2008]. Also commonly propagating in the Earth-58 

http://www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm
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ionosphere waveguide are signals from or via the magnetosphere such as whistlers, 59 

whistler-mode signals, hiss, chorus and other VLF emissions. Silber and Price [2017] 60 

have recently reviewed the use of narrowband VLF to study the D region and the 61 

many space physics phenomena it is sensitive to, including anthropogenic climate 62 

change. 63 

 64 

By day, lower D region ionization is generated mainly by Lyman- from the Sun 65 

ionizing neutral NO molecules at altitudes mainly above ~70 km, and by galactic 66 

cosmic rays ionizing all the neutral constituents, and normally dominating at altitudes 67 

below ~70 km [e.g., Banks and Kockarts, 1973]. As the solar zenith angle increases, 68 

the unidirectional Lyman- from the Sun has less ionizing effect, both towards dawn 69 

or dusk, and towards higher latitudes.  In contrast the omni-directional galactic cosmic 70 

rays do their ionizing equally at all times of day. However, they are more intense 71 

nearer the poles than near the equator due to the greater shielding effect of the more 72 

horizontal Earth’s magnetic field near the equator [e.g. Størmer, 1955]. This means 73 

that daytime D region electron number densities vary depending on latitude and time 74 

of day. Thus in equatorial regions near midday, Lyman- is very dominant, strongly 75 

ionizing (NO) down to ~70km below which the Lyman- is rapidly absorbed by the 76 

neutral atmospheric O2. This relatively ‘sharp’ lower boundary characterizes the 77 

equatorial lower D region, in particular resulting in lower attenuation at VLF (because 78 

of the narrower height region for electron-neutral collisions). In contrast, away from 79 

midday or at higher latitudes, the solar zenith angle is higher resulting in lower 80 

penetration of Lyman-, but the galactic cosmic ray intensity is the same, or higher at 81 

higher latitudes, thus producing the same or more electron density at altitudes below 82 
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~70 km. This results in the D region electron density height profile tending to be less 83 

sharp and more attenuating than for equatorial noon. 84 

 85 

By using short-path, nearly all-sea, VLF propagation, Thomson [2010] and Thomson 86 

et al. [2012, 2014] have determined Wait height and sharpness parameters [Wait and 87 

Spies, 1964] in the ranges H’ = 69.3-70.5 km and  = 0.47-0.49 km
-1

 at low latitudes 88 

at midday. On a mid-latitude short path from NAA, Cutler, Maine to Prince Edward 89 

Island, also at midday, Thomson et al. [2011a] found H’ = 71.8 km and  = 0.335 90 

km
-1

. Although more than half of this path was over the sea with good well-known 91 

conductivity, most of the rest was over rather low conducting ground, resulting in 92 

significant uncertainty. These widely-used Wait and Spies [1964] height, H’, and 93 

sharpness, , parameters approximate the electron number density, N (m
-3

), as a 94 

function of height, z, using the equation 95 

N(z) = 1.43 x 10
13

 exp(-0.15H’) exp[( - 0.15)(z - H’)]. 96 

 97 

All of the above short path measurements involved making a set of amplitude and 98 

phase measurements near (~100 km from) the transmitter, where the ground wave 99 

dominates, to effectively determine the amplitude (radiated power) and phase of the 100 

transmitter, and then making a second set of measurements ~300 km from the 101 

transmitter where the subionospherically reflected signal forms a significant modal 102 

minimum with the ground wave, giving good ionospheric sensitivity. Measurements 103 

at intermediate locations were not generally practicable due to factors such as the 104 

presence of sea, lack of ready access via roads or low, uncertain, rapidly varying, 105 

ground conductivity. 106 

 107 
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Here we measure the amplitude and phase of signals from the 23.4 kHz transmitter 108 

(DHO) near the north coast of Germany northwards over a nearly all-sea path at 109 

multiple locations along the west coast of Jutland, Denmark, over a range of ~320-110 

425 km.  Consistent, meaningful measurements were possible and practicable due to a 111 

convenient road up the west coast, and the uniform and high conductivity of the 112 

ground. These measurements are then compared with calculated results for this path 113 

from US Navy code ModeFinder [Morfitt and Shellman, 1976] over a range of 114 

possible D region (‘Wait’) height and sharpness parameters, H’ and . The best match 115 

between the measurements and calculations enabled the appropriate values of H’ and 116 

 for the ionospheric D region to be determined at this latitude. This was particularly 117 

so for midday; for other times of day, between dawn and dusk, use is also made of 118 

diurnal recordings, also in July 2015, of the amplitude and phase of 23.4 kHz from 119 

DHO at Eskdalemuir in Scotland, a ~750-km nearly all-sea-path with a very similar 120 

latitude range. These two propagation paths used are shown in Figure 1. 121 

 122 

The determination of these higher latitude D region parameters fills a gap in the 123 

characterization of the D region needed for techniques which use VLF propagation 124 

such as WWLLN and AARDVARK, discussed above, to monitor lightning and 125 

magnetospheric energetic particle precipitation. These observed parameters and their 126 

resulting electron densities should also be useful for testing D region modeling at 127 

these high mid-latitudes. The improved accuracy in D region height from the new 128 

multi-position technique here may also be useful in monitoring global warming 129 

changes. 130 

 131 

 132 
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2 Portable Loop VLF Phase and Amplitude Measurements 133 

 134 

All the amplitude and phase measurements of DHO signals made in Denmark (along 135 

the west coast of Jutland) were made with a custom-designed portable loop consisting 136 

of about 80 turns of copper wire firmly mounted in a fixed rectangular wooden frame 137 

~50 cm x 60 cm equipped with suitable electronics to measure amplitude and phase 138 

delay, with respect to a GPS 1-s pulse, of a selected VLF frequency. The stability and 139 

hence reproducibility in amplitude and phase was ~0.1-0.3 dB and ~0.1-0.3 µs 140 

depending on measurement conditions. The absolute accuracy of the amplitude 141 

measurements was probably ~±0.5 dB, in good conditions, but the method used here 142 

requires only relative (reproducible) accuracy at the various measurement sites used 143 

in West Jutland. 144 

 145 

Potential measurement sites were normally selected to be at least a few tens of metres 146 

from the main north-south coastal road (the ‘181’) and from wire fences, and also 147 

preferably more than 100 m or so from obvious power (electricity) lines etc. Before 148 

being selected, each site was tested to check that consistent amplitude and phase 149 

measurements were obtained for at least a few tens of metres around the site. A 150 

selected site also needed to give consistent readings compared with nearby sites (say 151 

0.2-5 km away). Along the west coast of Jutland, with its rural low population density 152 

and good conducting sandy soils near the sea, it proved to be fairly straightforward to 153 

find suitable sites. 154 

 155 

DHO, like many other VLF transmitters, in particular like most US Navy transmitters, 156 

is modulated with 200 baud MSK. DHO’s nominal frequency is 23.4 kHz so that 157 
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means that during any 5-ms bit period it radiates either 23.35 kHz or 23.45 kHz. A set 158 

of measurements, normally taken within 3-4 minutes at each site, consisted firstly of 159 

orienting the portable loop to maximum amplitude on 23.35 kHz and then recording 160 

both amplitude, in dB >1 µV/m, and phase delay, in µs. This was then repeated at 161 

23.35 kHz for the other directional maximum, i.e., with the loop rotated through 180°. 162 

These two steps were then repeated at 23.45 kHz, giving 4 phase readings and 4 163 

amplitude readings which were then averaged to give a single phase reading and a 164 

single amplitude reading. Such measurements were made on 13 days, 5-17 July 2015. 165 

For phase, the portable loop measurements in µs were converted into degrees for 166 

comparison with the US Navy modelling code, ModeFinder, which outputs phase in 167 

degrees. For example, at the site near the intersection of the main north-south road 168 

(the ‘181’) and Damgårdvej, 360 km (~north) from the DHO transmitter, the averaged 169 

measured phase at 1240 UT (near midday) on 5 July 2015 was 18.025 µs while at 170 

1157 UT (also near midday) on 8 July 2015 it was 21.15 µs (details available in the 171 

supporting information), an apparent increase in phase delay of 21.15 - 18.025 = 172 

3.125 µs which is equivalent to a phase change of -360 x 3.125 µs x 23400 Hz = -26.3 173 

degrees. This rather large change in apparent phase over these 3 days is due mainly to 174 

the transmitter having (1) a small frequency offset from its nominal 23.4 kHz and (2) 175 

occasional phase jumps. Fortunately these can both be rather accurately corrected for 176 

as discussed in the next two sections, enabling phase measurements on separate days 177 

and separate locations to be compared, and so used to measure the height and 178 

sharpness of the ionospheric D region along the path over the North Sea to the west 179 

coast of Jutland. 180 

 181 

 182 



 9 

3 Monitoring the DHO Transmitter and Correcting for its Phase and Amplitude 183 

Changes
 184 

 185 

While the portable loop phase and amplitude measurements were being made at 186 

locations on the DHO-Denmark path in July 2015, the phase and amplitude of DHO 187 

were also being monitored continuously by a fixed recorder at St. John’s, 188 

Newfoundland, Canada. Both this recorder and that at Eskdalemuir (section 6, below) 189 

are GPS-referenced “UltraMSK” receivers [http://ultramsk.com] and are part of the 190 

AARDDVARK network. The 4.2 Mm path from DHO across the Atlantic to St. 191 

John’s, is very stable near midday particularly in summer and so serves as a useful 192 

monitor for the DHO transmitter’s amplitude and phase stability as shown in Figure 2. 193 

(The period 07-08 UT on each day is shown as blank because the transmitter is then 194 

off-air for maintenance.) As can be seen, the amplitude of DHO on 13 July was 195 

clearly about 1.5 dB below the amplitudes on the other observation days and so the 196 

amplitudes measured with the portable loop on the DHO-Denmark path were able to 197 

be adjusted accordingly for that day. As can also be seen, particularly in the amplitude 198 

plot, there was significant solar flare activity on 6 July 2015 and so portable loop 199 

measurements made on that day were excluded from the DHO-Denmark path analysis 200 

since the aim was to measure normal quiet conditions. 201 

 202 

The DHO transmitter, though nominally on 23.4 kHz, has a significant long term 203 

frequency offset which causes its phase to advance by just over one cycle (360º) in 204 

4.5 hours. To make the phase of DHO easier to interpret, the recording frequency at 205 

St. John’s is set to 23400.00006173 Hz, or equivalently above 23.4 kHz by exactly 206 

one cycle per 4.5 hours which is also exactly 80º per hour and exactly an integer 207 

http://ultramsk.com/
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number (16) of cycles (360º) in 3 days (used in the next section). Inspection of the 208 

phase panels in Figure 2 shows the actual frequency of DHO is slightly higher than 209 

the recording frequency by about 29º/day or 1.2º/hour. This can be seen partly from 210 

the (small) positive slopes of the phase lines, but mainly from the typical phase 211 

changes from midday to midday. In assessing the day-to-day changes in phase, 212 

account needs to be taken of possible random phase jumps, particularly during the off-213 

air hour from 07-08 UT each day (fewer in the second period, 11-17 July, than in the 214 

first, 5-11 July). Also, the phases in this type of recorder are nearly always modulo 215 

90º because the recorder is averaging the phases of the two sidebands (nominally 216 

23.35 kHz and 23.45 kHz) of the MSK modulation and the phase of each of the 217 

sidebands in MSK is always modulo 180º [e.g. Thomson, 1981]. 218 

 219 

 220 

4 Comparing Observed and Calculated Phases and Amplitudes to Find Midday 221 

H’ and ß  222 

 223 

Figure 3 shows the (58) amplitudes and (58) phases of DHO near midday, from the 224 

portable loop measurements along the west coast of Jutland, Denmark, as functions of 225 

distance from DHO as individual points on the (12) specified days. At some sites on 226 

some days, 2 or sometimes 3 sets of portable loop measurements were able to be 227 

made near midday. In these cases the 2 or 3 results at each site on the particular day 228 

were averaged and plotted as just one point in each of the two panels in Figure 3; 229 

hence, in each of the two plots, there is no more than one point per site per day. The 230 

lines in Figure 3 show the ModeFinder-calculated phases and amplitudes for the 231 

specified ionospheric D region values of H’ (height in km) and ß (sharpness in km
-1

). 232 
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The ModeFinder amplitudes are for a radiated power of 300 kW. In order for the 233 

measured amplitudes to match these calculated amplitudes all the (portable loop) 234 

measured amplitudes were increased by 5.0 dB except that those on 13 July 2015 235 

were increased by an extra 1.5 dB (as discussed above). These adjustments are thus 236 

compensating for the transmitter radiating less than 300 kW during the measurement 237 

period here of 5-17 July 2015. For the phases, the portable loop measurements (in µs 238 

relative to GPS 1-s pulses) needed to be adjusted for the transmitter phase changes 239 

(drifts and jumps) by using the recorded phases in Figure 2 as outlined below. 240 

 241 

Phase measurements are normally relative, as here, so some reference baseline needs 242 

to be chosen. In the phase panel in Figure 3 it can be seen that the measured phase at 243 

360 km from DHO (near midday) on 5 July is shown as 33.9º (the choice of this value 244 

is discussed below). The placement of the other phase values relative to this one is 245 

now illustrated. As discussed at the end of Section 2, the portable loop measured an 246 

apparent phase change of 3.125 µs  -26.3º at the 360-km site between 1240 UT on 5 247 

July and 1157 UT on 8 July (3 days less 43 minutes). But the DHO transmitter phase 248 

changed during this time and so this -26.3º needs to be adjusted for these changes. 249 

Figure 2 shows that the DHO phase (as measured by the recorder at St. John’s) 250 

changed over 3 days from -90º at 13 UT on 5 July to 125º at 13 UT on 8 July which is 251 

an increase of 125º - (-90º) = 215º  35º (modulo 90º). As mentioned in the previous 252 

section, 3 days is an integer multiple (16) of the difference period between (exactly) 253 

23.4 kHz and the recorder frequency (23400.00006173 Hz) so that this 35º (modulo 254 

90º) is also the phase change over 3 days at (exactly) 23.4 kHz. But the interval 255 

between the portable loop measurements is less than 3 days by 43 minutes. In this 43 256 

minutes the phase of DHO (relative to GPS) would have advanced by (80º + 1.2º) per 257 
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hour (Section 3) i.e. by 43/60 x (80+1.2) = 57.3º + 0.9º. So the corrected change 258 

is -26.3 – 35 + 57.3 + 0.9 = -3.1º from the 33.9º on 5 July giving the 30.8º shown for 259 

8 July at 360 km. All the other phases at 360 km in Figure 3 were determined in the 260 

same way. 261 

 262 

For the phases measured at the sites with ranges other than 360 km from DHO, the 263 

measured phases (in µs relative to GPS 1-s) were adjusted by allowing for the free-264 

space speed of light, 0.29979 km/µs. For this purpose the distances of the sites from 265 

DHO were determined using the Vincenty algorithm [Vincenty, 1975] from the 266 

latitudes and longitudes measured with a portable GPS receiver on site at the times of 267 

measurements and later checked with Google Earth. The center of the DHO 268 

transmitter was estimated from Google Earth as 53.07925 N, 7.61416 E but it is the 269 

relative distances of the portable loop measurement sites from DHO rather than their 270 

absolute distances which are important; so the center of DHO is not needed to great 271 

accuracy. 272 

 273 

For the ModeFinder calculations in Figure 3, the geomagnetic dip, azimuth and 274 

magnitude for July 2015 at an altitude ~72 km were used: 69º, 4º (E. of N.), and 275 

48 µT. Typically the first 20 modes were summed (though the first ~15 modes would 276 

usually have sufficed) to get By (the magnetic field parallel to the ground and 277 

perpendicular to the propagation direction) since this is what the (vertical) portable 278 

loop measures, but the magnitude measurements were recorded in µV/m (using EB = 279 

cBy where c is the speed of light) as has been the convenient custom for VLF 280 

measurements. As explained above, the measured amplitudes were adjusted (upwards 281 

on the graph) by 5.0 dB to match the ModeFinder-calculated amplitudes (6.5 dB for 282 
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13 July only). Similarly for the phases, because the reference phase level for the 283 

measurements was arbitrary, the measured phases were also shifted (all by the same 284 

amount, vertically on the graph) until they gave the best match to the ModeFinder-285 

calculated phases. In particular, this resulted in the 33.9º at 360 km on 5 July 2015 286 

used above. This was the end result of a somewhat iterative process because the 287 

appropriate values of H’ and ß were initially not known and so had to be adjusted to 288 

get the best matches in distance and shape between the measured and calculated 289 

amplitudes and phases. 290 

 291 

From the amplitude plots in the lower panel of Figure 3, it can be seen that the best fit 292 

is close to H’ = 72.8 km and ß = 0.35 km
-1

. The method of estimating the likely error 293 

made use of the other ModeFinder-calculated lines shown in the plot. In particular, if 294 

H’ were lowered or raised by 0.3 km (i.e. H’ = 72.5 km with ß = 0.35 km
-1

 or H’ = 295 

73.1 km with ß = 0.35 km
-1

), the calculated line would clearly be rather too far to the 296 

left or too far to the right respectively of the measured points, implying the likely 297 

error in H’ is somewhat less than ± 0.3 km. If ß alone were decreased or increased, the 298 

minimum would be less or more deep respectively but the curves would also move a 299 

little to the left or right respectively. To make a change in ß of ± 0.2 km
-1

 easier to 300 

visualize, in particular in terms of the depth of the minimum, H’ was also changed to 301 

keep the minimum at the same range from the transmitter (~358 km) resulting in H’ = 302 

72.5 km with ß = 0.37 km
-1

 and H’ = 73.1 km with ß = 0.33 km
-1

 being plotted for 303 

comparisons. From these last two plots it can be seen that the error in ß is likely to be 304 

slightly less than ± 0.2 km
-1

. The phase plots in the upper panel of Figure 3 give the 305 

same best fit value of H’ = 72.8 km as the amplitude plots but a slightly lower value 306 

of ß = 0.34 km
-1

. A somewhat similar procedure for error, as used for the amplitude 307 
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plots above, was applied to the phase plots resulting in a similar or very slightly larger 308 

error for the phase plots alone as compared with the amplitude plots. 309 

 310 

Combining the results from both the amplitude and phase plots in Figure 3 thus gives 311 

an overall best match for H’ = 72.8 ±0.2 km and ß = 0.345 ±0.015 km
-1

 for the 312 

midday summer ionospheric D region over the North Sea at a geomagnetic dip 313 

latitude of 52.5 and a solar zenith angle of ~33º (i.e. the sun ~33º from the vertical). 314 

 315 

 316 

5 Uniqueness of the H’ and ß and comparison with a Wave Hop Code 317 

 318 

There is always a possible concern that, although the ModeFinder-calculated 319 

amplitudes and phases using H’ = 72.8 km and ß = 0.345 km
-1

 match the measured 320 

amplitudes and phases very well, they may not be the only values of H’ and ß that fit 321 

the measurements. The upper two panels of Figure 4 show ModeFinder-calculated 322 

values of phase and amplitude for the same DHO-Denmark path (using EB = cBy as in 323 

section 4) but using a much wider range of H’ and ß. From these it can be clearly seen 324 

that there are no other likely values of H’ and ß which could produce phases or 325 

amplitudes which would be similar to those from H’ = 72.8 km and ß = 0.345 km
-1

. 326 

 327 

The US Navy code, ModeFinder, and its derivative, LWPC [Ferguson and Snyder, 328 

1990], treat the space between the Earth’s surface and the ionospheric D region as a 329 

waveguide and determine the properties of the modes which can propagate and then 330 

sum over the modes to get the amplitudes and phases at each location along the path. 331 

LWPC is designed to conveniently automatically segment (typically long) paths 332 
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where the waveguide properties change significantly along the length of the path. It is 333 

otherwise very similar to ModeFinder but cannot output By needed here (as discussed 334 

in Section 4 and below) and does not seem to be quite as robust – e.g., away from 335 

midday at frequencies higher than those used here. ModeFinder is the most widely 336 

used and tested code; its stability over a wide range of conditions is very good. An 337 

alternative strategy is to treat the propagation as a number of waves or rays which 338 

reflect, once or up to many times, from the upper and lower edges of the waveguide in 339 

a series of hops and then these waves or rays are summed at the receiver. The Wave 340 

Hop code of Berry and Herman [1971] is probably the best known of these. As with 341 

Modefinder and LWPC, the Wave Hop code uses spherical rather than planar 342 

geometry, and also uses an anisotropic ionosphere for the reflection coefficients. For 343 

the short (320-425 km) path here, only up to two hops (and the ground wave) are 344 

actually needed. Only the 1-hop (single hop, single reflection) wave is comparable in 345 

magnitude with the ground wave at these short ranges. The 2-hop contribution is only 346 

~3% of the total field (and so, although small at ~0.3 dB, is just marginally needed) 347 

while the 3-hop contribution <~0.2% (<~0.02 dB) and so is quite negligible.  All of 348 

these codes (ModeFinder, LWPC and Wave Hop) calculate Ez (i.e. the vertical electric 349 

field) at the receiver. For the code versions available for this study, only ModeFinder 350 

could also calculate By (the horizontal magnetic field of the wave perpendicular to the 351 

propagation direction, which the portable loop measures). Thus comparisons between 352 

the three calculation codes needed to be made using Ez. 353 

 354 

The lower two panels of Figure 4 show such comparisons (for a radiated power of 300 355 

kW as in Figure 3). For ModeFinder and LWPC the best fit values of H’ and ß from 356 

Figure 3 are used. For ModeFinder the values plotted are exactly those output by the 357 
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code (‘MFz’ is for Ez and ‘MFy’ is for EB = cBy as discussed above). For LWPC, the 358 

magnitudes of Ez output have been reduced by 0.22 dB because the modal excitation 359 

factors for LWPC are ~0.22 dB higher than for ModeFinder. The reason for this is not 360 

known but is not important here because it does not affect our comparison of 361 

(relative) amplitudes at different ranges (320-425 km); it would affect only the 362 

relationship between our amplitudes and the radiated power which is not important 363 

here. Also for LWPC, the phases output have been reduced by 90º because LWPC 364 

phases at each range are calculated relative to Ez directly beside the antenna while 365 

ModeFinder phases are relative to the antenna current. It can be seen that any 366 

difference between Ez from LWPC and Ez from ModeFinder is clearly negligible. The 367 

difference between these Ez and the EB = cBy arises because Ez = 2E cos, where E 368 

is the electric field perpendicular to the ray in the vertical plane of propagation in each 369 

of the down-going and reflected rays at angles  to the horizontal, while By = 2B 370 

(without the cos factor) because the two B are both horizontal as well as being 371 

perpendicular to their rays. 372 

 373 

For the comparisons with Wave Hop in Figure 4, values of H’ and ß were chosen for 374 

Wave Hop to best match the phases and amplitudes from the H’ and ß used in 375 

ModeFinder in the best fits to the observed data in Figure 3. Thus if the Ez for H’ = 376 

72.8 km and ß = 0.35 km
-1

 (amplitude) and H’ = 72.8 km and ß = 0.34 km
-1

 (phase) 377 

from ModeFinder in Figure 4 are thought of as representing the observed data, then it 378 

can be seen that the best fits from Wave Hop calculations would be H’ = 72.8 km and 379 

ß = 0.34 km
-1

 for amplitude and H’ = 73.0 km and ß = 0.32 km
-1

 for phase. This 380 

assumes that the differences between Ez and EB = cBy for ModeFinder are very similar 381 

to what the differences between Ez and EB = cBy would be for Wave Hop which seems 382 
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quite likely. Thus if Wave Hop had been used alone, and Wave Hop had been able to 383 

calculate By (and so EB = cBy), the best average values for the path would likely have 384 

been H’ = 72.9 km and ß = 0.33 km
-1

 rather than the preferred best values from 385 

ModeFinder derived above: H’ = 72.8 ±0.2 km and ß = 0.345 ±0.015 km
-1

. 386 

 387 

In order to compare and match the Wave Hop and ModeFinder results in Figure 4, the 388 

Wave Hop phase results were all increased by 45º and the Wave Hop amplitude 389 

results were all reduced by 0.43 dB as indicated by the data labels in the lower two 390 

panels. The reasons for needing these adjustments are not precisely known but are 391 

presumably related to the excitation factors in ModeFinder (and LWPC). These 392 

differences in absolute phase and absolute amplitude are not important here because it 393 

is the measured variations with distance of the relative phases and amplitudes that are 394 

used in Figure 3 and the recorded variations with time of the relative phases and 395 

amplitudes that are used in section 6 below. 396 

 397 

All of the above calculations have assumed an all-sea path. This is likely appropriate 398 

here but none-the-less ~70 km of the ~360 km path is over land at the transmitter end 399 

and over a very much smaller amount of land at the receiver end. ModeFinder (and 400 

Wave Hop) do not allow for paths which are partly over sea and partly over land. 401 

However, LWPC has a built-in ground conductivity map (for VLF) and has some 402 

capability to do this by segmenting the path, including performing mode-conversion 403 

at (abrupt) conductivity boundaries (though only for Ez). For most of North Germany 404 

(including the appropriate parts here) and for all of Jutland, LWPC’s map gives the 405 

ground conductivity as 0.01 S/m which is relatively good being the same as most of 406 

the best conducting ground around the world  - only a very small part of the world’s 407 
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land has a higher conductivity. In contrast, the conductivity for sea water is ~4 S/m 408 

while for poor conducting land it is ~0.001 – 0.0001 S/m. 409 

 410 

The LWPC all-sea output, as in Figure 4, was compared with the output with 70 km 411 

of 0.01 S/m land at the transmitter end, with nothing else changed. The greatest 412 

change in amplitude (in the range 320-425 km) was an increase of just under 0.2 dB 413 

(at the minimum ~358 km) while the position of the minimum moved ~0.8 km 414 

towards the transmitter. From Figure 3 it can thus be estimated that, if this 70 km of 415 

0.01 S/m land were taken into account, H’ and  would be higher by ~0.06 km and 416 

~0.005 km
-1

 respectively which are ~1/3 of the estimated errors in H’ and  in section 417 

4 (±0.2 km and ±0.015 km
-1

). In reality the appropriate land conductivity is probably 418 

higher than 0.01 S/m because of its proximity to the sea resulting in seepage and sea 419 

spray. Also the conductivity values in LWPC are averages for roughly 100 km square 420 

blocks with the result that extreme closeness to the coast has not been fully taken into 421 

account. At the other end of the path, in Jutland, the receiving sites were all very close 422 

to the coast (<~5 km with many < 1 km). The coastal ground is very sandy and so 423 

porous to seawater; also the strong prevailing westerlies will be blowing salt spray 424 

across it. Hence, overall, it seems very likely that treating the path as all-sea is the 425 

most appropriate. 426 

 427 

6 Variation of H’ and ß with Solar Zenith Angle (SZA) 428 

 429 

The techniques of sections 2- 4 above, used to find H’ and ß at midday, could also be 430 

used to find H’ and ß at other times of day (i.e., at higher solar zenith angles). This, 431 

however, involves some significant disadvantages. Near midday the SZA (the angle 432 
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between the Sun and the zenith) and the ionosphere change very little over a period of 433 

1-2 hours allowing measurements at many ranges during this time. However, at other 434 

times the SZA and the ionosphere change much faster with time making it much more 435 

difficult to achieve a series of measurements with a single portable loop system at 436 

different ranges along the path without measuring over several weeks to get averages 437 

of at least a few days over a range of times at each measurement site. This tends to be 438 

compounded by the ionospheric D region being less stable away from midday and so 439 

requiring more measurements and averaging.  440 

 441 

Hence it is often more convenient to use a continuous, fixed recorder, if available, for 442 

measuring changes with SZA. The disadvantage with fixed recorders is that, although 443 

usually very stable, they are not usually well calibrated (quite often due to terrain 444 

issues) either in absolute phase or absolute amplitude. However, if suitable, 445 

calibrated, portable loop measurements have been made, as presented here in sections 446 

2-4, then these can provide the calibrations for the fixed recorder. 447 

 448 

While no fixed recordings for DHO to anywhere in Denmark were available, good 449 

phase and amplitude recordings for the same July 2015 period were available for the 450 

748-km path DHO to Eskdalemuir, Scotland shown in Figure 1.  As can be seen the 451 

latitude range for DHO-Eskdalemuir is very similar to that for the DHO-Jutland paths 452 

so that the H’ and ß at midday for DHO-Jutland already determined here can be used 453 

to calculate (using ModeFinder) the midday amplitude and phase at Eskdalemuir, thus 454 

calibrating the Eskdalemuir recorder in amplitude and phase.  The DHO-Eskdalemuir 455 

path, in contrast with the 4.2-Mm DHO-St. John’s path, has the advantage of being 456 
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quite short (748 km) so that the SZA varies very little along the path resulting in the 457 

SZA at the mid-point being very representative for the path. 458 

 459 

The top two panels of Figure 5 show the experimentally observed variations with time 460 

for the phase and amplitude of DHO at Eskdalemuir averaged over many days around 461 

the times the portable loop measurements were made in Jutland in July 2015. 462 

Although not of great consequence, the averaging period for the amplitudes (16 days: 463 

4-19 July) was longer than for the phases (8 days: 9-16 July). This was partly because 464 

the amplitudes tended to be a bit more variable and partly because they are very easily 465 

averaged. Three amplitude averages are plotted, for 4-11 July, for 12-19 July and for 466 

the whole period, 4-19 July, to indicate that a sufficient number of days have been 467 

averaged. Phase averaging requires more care to check that the small number of phase 468 

jumps (mainly at the transmitter) are dealt with appropriately. The 8-day period 9-16 469 

July was chosen because it appeared to have very few phase jumps which were all 470 

readily corrected for, and the resulting phase plot (top panel, Figure 5) was adequately 471 

smooth. During this averaging process, the phase was fully corrected for the 472 

transmitter phase drifts (including the ~29º/day) as determined in section 3 using the 473 

St. John’s recorder. 474 

 475 

The ModeFinder code with the values H’ = 72.8 km and ß = 0.345 km
-1

 from the 476 

midday Jutland North Sea portable loop measurements, was now used to compute the 477 

midday phase and amplitude for DHO at Eskdalemuir resulting in 120º and 68.8 dB. 478 

This then served as the calibration of the recorder at Eskdalemuir – i.e., the 48.7º at 479 

midday in the top panel of Figure 5 observed at Eskdalemuir is equivalent to the 120º 480 

from ModeFinder. Thus any of the (observed) phases in the top panel can be 481 
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converted to ModeFinder degrees by adding 120º - 48.7º = 71.3º. Similarly, any of the 482 

(observed) amplitudes at Eskdalemuir in the 2
nd

 top panel of Figure 5 can be 483 

converted to ModeFinder dB by adding 68.8 – (-54.7) = 123.5 dB. The bottom two 484 

panels of Figure 5 show the phase and amplitude results from ModeFinder 485 

calculations for the DHO-Eskdalemuir path (coloured points and lines) for the various 486 

values of H’ and ß shown. The open black circles in all four panels show the observed 487 

values of phase and amplitude at Eskdalemuir (top two panels of Figure 5) converted 488 

to ModeFinder degrees and dB (bottom two panels of Figure 5) for comparison with 489 

the ModeFinder calculations which thus determines the values of H’ and ß at the 490 

times shown. Although just 13 black circles are shown in each panel, twice as many 491 

observed values of phase and amplitude from the top two panels were used to find 492 

corresponding values of H’ and ß in the bottom two panels; only half are actually 493 

shown to avoid any overlapping. 494 

 495 

In the top two panels of Figure 6, the values of H’ and ß found from the bottom two 496 

panels of Figure 5 are plotted as functions of UT. The mid-point of the DHO-497 

Eskdalemuir path is at 54.32º N and 2.35º E and so, after allowing for ‘the equation of 498 

time’ on ~11 July 2015, the Sun is at its highest above the horizon (lowest SZA) at 499 

this (DHO-Eskdalemuir) mid-point at 1156 UT. Thus it can be seen from these two 500 

UT plots in Figure 6 that the D region peaks, in H’, and troughs, in ß, several minutes 501 

after local midday (i.e., several minutes after 1156 UT). This slight delay in the 502 

D region has been noticed before [e.g., Thomson, 1993]; it may be due to afternoon 503 

NO concentrations being larger than those in the morning [Marsh and Russell, 2000]. 504 

The small glitch in the H’ and ß values just after local midday is related to the best fit 505 

for amplitude in Figure 3 being for H’ = 72.8 km and ß = 0.35 km
-1

 while the best fit 506 
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for phase was for H’ = 72.8 km and ß = 0.34 km
-1

 and so the average, H’ = 72.8 km 507 

and ß = 0.345 km
-1

 does not quite fit for either. Clearly this rather small discrepancy 508 

is fairly inconsequential here. 509 

 510 

In the bottom two panels of Figure 6, the values of H’ and ß from the top two panels 511 

are plotted as functions of solar zenith angle (SZA). SZA’s less than ~32º never occur 512 

on this path; hence there are no data points between ~±32º.  Curiously the data points 513 

on either side of midday appear to fit quite closely to straight lines in these SZA plots. 514 

While the reason for this is not completely clear, it does allow tentative 515 

extrapolations, as shown, to overhead sun (SZA = 0) for the path at H’ ≈ 70 km and ß 516 

≈ 0.40 km
-1

. Of course, this cannot be compared with real overhead-Sun observations 517 

for this path, because the Sun is never so high in the sky for this path. But it can be 518 

compared with near equatorial regions where Thomson et al. [2014] found H’ = 69.3 519 

±0.3 km and ß = 0.49 ±0.02 km
-1

 for an SZA ~10º in 2012. The difference in these H’ 520 

values is due at least in part to the higher sunspot number in 2012 but is also likely 521 

within the experimental error particularly that on the extrapolated H’ ≈ 70 km. The 522 

higher value of ß actually observed at low latitude (in 2012) will be mainly due to the 523 

lower level of galactic cosmic rays there (due to the greater shielding by the nearly 524 

horizontal geomagnetic field) resulting in fewer electrons at the lowest altitudes 525 

(below ~65-70 km). 526 

 527 

528 
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7 Discussion, Summary and Conclusions 529 

 530 

7.1 Midday at Geomagnetic Dip Latitude ~52.5º (DHO, Germany - North Sea – Jutland, 531 

Denmark) 532 

 533 

The summer midday D region parameters found here H’ = 72.8 ±0.2 km and ß = 534 

0.345 ±0.015 km
-1

, at geomagnetic dip latitude 52.5º and SZA ~33º, can be compared 535 

with the July 2010 results of Thomson et al. [2011a] at a very similar geomagnetic dip 536 

latitude but with SZA ~23º on a similarly short path from NAA, Cutler, Maine, to 537 

Prince Edward Island (PEI), H′ = 71.8 ±0.6 km and ß = 0.335 ±0.025 km
-1

. The 538 

details are summarized in Table 1. 539 

 540 

The following factors contribute to the H′ difference between these two sets of results. 541 

From Figure 6, it can be estimated that the 10º higher SZA for the Jutland path 542 

increases H′ by ~0.9 km compared with the PEI path. The MSIS atmospheric model 543 

[https://omniweb.gsfc.nasa.gov/cgi/vitmo/vitmo_model.cgi] was used to calculate the 544 

nitrogen number density, [N2], (as a proxy for the total air density) at the heights near 545 

H′ at the mid-points of the paths. The values of [N2] at each H′ are shown in Table 1. 546 

For the NAA-PEI path, at H′ = 71.8 km, the N2 number density, as can be seen in 547 

Table 1, was 1.245 x 10
21

 m
-3

, while the MSIS calculation for the DHO-Denmark path 548 

showed this same number density occurred ~0.6 km higher (i.e., at a height of ~72.4 549 

km). The Jutland measurements in 2015 had a (ISES/NOAA) smoothed sunspot 550 

number (SSN) ~40 compared with ~17 for PEI in 2010; Thomson et al., [2012] found 551 

a decrease in H′ of ~0.75 km when the SSN increased from 5 to 60 from which it can 552 

be estimated that the higher SSN in 2015 would make H′ lower than in 2011 by ~0.3 553 
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km. The overall effect is that H′ for the Jutland path in 2015 would be predicted to be 554 

0.9 + 0.6 - 0.3 = 1.2 km higher which is fairly close to the 72.8 – 71.8 = 1.0 km 555 

actually observed, being within the error in H′ of ±0.6 km for the PEI path alone. 556 

 557 

Just two factors contribute to the ß difference between the two sets of results. From 558 

Figure 6, it can be estimated that the 10º higher SZA for the Jutland path causes ß to 559 

be lower there by ~0.02 km
-1

 compared with the PEI path. The results of Thomson et 560 

al., [2012] used above for H’ are probably not appropriate for ß because the latitude 561 

was very low. However, McRae and Thomson [2000], at a mixture of mid- and low 562 

latitudes, observed a decrease in ß of ~0.05 (from 0.45 to 0.40) km
-1

 in going from an 563 

SSN of ~140 in 1991 to ~15 in 1995 from which an increase in ß of ~0.02 km
-1

 can be 564 

estimated from the SSN of 17 at PEI in 2010 rising to an SSN of ~40 at Jutland in 565 

2015. Together these two changes cancel to essentially zero; this again compares 566 

reasonably well with the difference between the two observations: 0.335 ±0.025 km
-1

 567 

for the PEI path in 2010 and ß = 0.345 ±0.015 km
-1

 here for the Jutland path in 2015. 568 

 569 

7.2 The Effective Solar Zenith Angle near Midday for the DHO-Jutland Path 570 

 571 

For the observation period here, centred on 11 July 2015, the SZA at the midpoint of 572 

the path, from DHO to the (modal) minimum near 360 km north of DHO, was 32.6° 573 

at midday (1134 UT). However, not all of the portable loop measurements could be 574 

made very close to midday because of the time required to travel between the 575 

measurement sites at the different distances from DHO, and the need to do the 576 

measurements over a period of <~ 2 weeks. Hence the effective average SZA during 577 

the Jutland measurements is slightly greater than 32.6° and needs to be estimated. In 578 
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particular, although many of the measurements were made <~ 1 hour from midday, 579 

some, such as those at a range near 320 km, were made early, ~1000-1030 UT, when 580 

the SZA was ~36° and a few were made quite late, ~1300-1345 UT, when the SZA 581 

was ~36-41°. However, as discussed below, these early and late readings do not 582 

appear to significantly influence the choice of H’ and  in Figure 3 for optimum fit. 583 

Specifically, the measurements at the greatest ranges 405 km and 423 km were made 584 

fairly close to midday. 585 

 586 

The midpoint SZA is 33.5° between 1052 UT and 1215 UT, and 34.5° between 587 

1033 UT and 1234 UT.  Also, in the DHO-Eskdalemuir phase plot in Figure 5 it can 588 

be seen that the phase peak is centered 15-20 min after midday (i.e., 15-20 min after 589 

1156 UT) so that the 1215 UT and 1234 UT can probably be extended to 1235 UT 590 

and 1254 UT respectively.  From Figure 5 it can be seen that  changes by 0.40-0.29 591 

=0.11 km
-1

 over an SZA change of ~60° or about 0.0018 km
-1

/degree. Hence even 3° 592 

increase in effective average SZA (such as for 1000-1030 UT) results in much less 593 

than the midday error in  already allowed for here (±0.015 km
-1

). Also in Figure 5, it 594 

can be seen that H’ changes with SZA by about 0.09 km/degree and so a 1° 595 

uncertainty in SZA is nearly half the midday error of ±0.2 km already allowed for. 596 

However, an examination of Figure 3 shows that the measurements near 340-360 km 597 

are the most critical for determining H’, nearly all of which were taken in the time 598 

range 1100-1240 UT which means that the effective average SZA is probably nearer 599 

33° than 34°. 600 

 601 

7.3 Short Path Technique Comparisons 602 

 603 
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It is worthwhile to compare the short path VLF technique used here, with the short 604 

path VLF technique used previously on several occasions over the last few years to 605 

measure H’ and ß particularly near (path) midday. Both techniques have measured 606 

both amplitude and phase with a calibrated portable loop. The previously used 607 

technique [Thomson, 2010; Thomson et al., 2011a; Thomson et al., 2012; Thomson et 608 

al., 2014] typically measured the VLF amplitude at essentially just two distances from 609 

the transmitter – the first ~100 km from the transmitter where the ground wave 610 

dominates, to effectively get the amplitude and phase of the transmitter, and the 611 

second typically ~300 km from the transmitter, near the minimum between the ground 612 

wave and the ‘sky’ wave reflected from the ionosphere, to effectively measure the 613 

amplitude and phase after the reflection from the ionosphere and so determine the 614 

ionospheric height and sharpness (H’ and ß). Normally several sets of measurements 615 

were made at sites within a few km of each of the two principal distances (~100 km 616 

and ~300 km) to assure that each of the sites were typical and free of interference. 617 

The two sites could be at or near small towns and the ~200 km of road between 618 

needed to be traversed only once or twice and did not need to be very direct and could 619 

have difficult geographic features. Quite often parks or other recreation areas in the 620 

(two) towns provided convenient measuring sites. 621 

 622 

In contrast the technique used in this paper did not require going near (<~100 km) to 623 

the transmitter but made measurements at several distances along an approximate line 624 

from ~320 km to ~425 km from the transmitter. This resulted in an accuracy better by 625 

nearly a factor of two than typically achieved before. It does however, require some 626 

favourable factors. The road along the West Jutland coast of Denmark was lightly 627 

populated (low interference), lightly trafficked going fairly level, fairly straight and 628 
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direct nearly radially from the transmitter thus enabling efficiency. The good uniform 629 

conductivity of the ground (sandy soil close to the sea-coast) was particularly 630 

important resulting in few anomalous readings due to ground conductivity issues 631 

(natural or man-made). Even better, most of the path from the transmitter was over the 632 

(highly and very uniformly conducting) sea as can be seen in Figure 1. An aeroplane 633 

(or possibly a boat) could, of course, potentially do even better but issues such as gain 634 

stability and interference would need to be carefully dealt with, and height would 635 

need to be recorded and used in the calculation comparisons. 636 

 637 

7.4 Variation of H’ and ß with Solar Zenith Angle 638 

 639 

During daylight, H’ increases and  decreases with increasing solar zenith angle 640 

[Thomson, 1993]. This is mainly due to the principal ionizing radiation, Lyman-, 641 

penetrating the neutral atmosphere less deeply as the SZA increases but also, 642 

particularly for , a very important contributing factor is that, for the lower part of the 643 

lower D region (below ~65-70 km), the dominant ionizing radiation comes from 644 

galactic cosmic rays which do not vary with SZA or time. Because the galactic 645 

cosmic ray intensity at ionospheric heights varies with geomagnetic shielding and 646 

hence geomagnetic latitude [e.g., Heaps, 1978], the variations with SZA in H’ and  647 

are dependent on geomagnetic latitude as has been observed and reported by Thomson 648 

et al. [2014]. The highest latitude path reported there was for NAU in Puerto Rico to 649 

St. John’s in Canada for which the path mid-point is at a geographic latitude of 33º, 650 

and a geomagnetic dip latitude of 37º as compared with the much higher values of 651 

54.5º and 52.5º respectively for the current path. From Thomson et al. [2014], when 652 

the mean SZA on the NAU to St. John’s path changed from 33º to 70º, H’ changed 653 
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from 71.6 km to 76.9 km and  from 0.41 km
-1

 to 0.285 km
-1

, while from Figure 6, for 654 

the DHO-Eskdalemuir path, for the same SZA change from 33º to 70º, H’ changed 655 

from 72.8 km to 76.2 km and  from 0.345 km
-1

 to 0.275 km
-1

. The lower  and the 656 

smaller changes in  and H’ with SZA on the DHO-Eskdalemuir path are likely due 657 

to the greater proportion of non-SZA-dependent ionization (galactic cosmic rays) on 658 

this higher latitude path. 659 

 660 

7.5 Summary and Conclusions 661 

 662 

Amplitude and phase measurements of VLF radio signals measured, as functions of 663 

distance from the transmitter mainly over the sea, on good uniform conducting 664 

ground, preferably near the modal minimum, 300-400 km from the transmitter, can 665 

give very good results for the height and sharpness of the lowest edge of the Earth’s 666 

ionosphere such as the specific result here of H’ = 72.8 ±0.2 km and ß = 0.345 ±0.015 667 

km
-1

 for DHO in north Germany across the North Sea to the west coast of Denmark at 668 

a mean geomagnetic dip latitude of ~52.5º in July of 2015 at an SZA of ~33º. Such 669 

measurements are also useful for calibrating fixed recorders which can then be 670 

conveniently used to extend these results to determine the changes in this lowest 671 

ionospheric (D region) edge with SZA at other times of day, as was done here. The 672 

accuracy of this type of measurement at midday, particularly any changes in the 673 

‘reference’ height, H’, may have the potential over time to be a measure of the effects 674 

of global warming, including any associated cooling in the stratosphere/mesosphere 675 

[Roble and Dickinson,1989; Taubenheim et al., 1997; Akmaev et al., 2006; 676 

Lastovicka, 2008; Peters et al., 2017].677 
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Table 1.  Comparison of paths at different latitudes. (SZA = Solar Zenith Angle, SSN 765 
=  Smoothed Sunspot Number, [N2-MSIS] = N2 number density in units of 10

21
 m

-3
) 766 

 767 
 768 

Path Geog. 

Lat. 

Geog. 

Long. 

Dates 

(inclusive) 

SZA SSN β  (km
-1

) H' 

(km) 

[N2]-

MSIS 

DHO(23.4kHz)-> Denmark 54.7°N 7.9° E 5-17 July 2015 33° 41 0.345 72.8 1.181  
NAA(24.0kHz)-> PEI 45.5°N 65.3° W 2-5 July 2010 23° 17 0.335 71.8 1.245  

NPM(21.4kHz)-> Hawaii 20.5°N 157.0° W 19-25 Aug 2012 10° 58 0.490 69.3 1.481  

 769 
 770 
 771 
Figure Captions 772 
 773 
Figure 1.  The two VLF radio paths over the North Sea from transmitter DHO (23.4 kHz) 774 
used to find the lower D region electron densities here. 775 
 776 
Figure 2.  Phases and amplitudes of DHO recorded at St. John’s, Newfoundland, to monitor 777 
DHO while the principal measurements were being made with a portable loop along the west 778 
coast of Denmark.  779 
 780 
Figure 3.  Phases and amplitudes of DHO (23.4 kHz) measured near midday on the west 781 
coast of Denmark compared with ModeFinder calculations for various appropriate D region 782 
electron densities modeled with height, H’, and sharpness, . (150705 = 5 July 2015 UT etc.; 783 
72.8/0.35 indicates H’= 72.8 km and  = 0.35 km-1 etc.) 784 
 785 
Figure 4. The top two panels compare ModeFinder calculations for H’= 72.8 km and  = 786 
0.35 km-1 with those for a much wider range of H’ and  than in Figure 3 (to check for 787 
uniqueness). The bottom two panels compare calculations for Ez from the Wave Hop code 788 
(‘WH’), from LWPC (‘LWz’) and from ModeFinder for Ez (‘MFz’) and for the EB = cBy 789 
(‘MFy’) used in the top two panels, and in Figure 3 for comparisons with the portable loop 790 
measurements. (See text for more details.) 791 
 792 
Figure 5. The top two panels show the average phases and amplitudes of DHO as functions 793 
of time recorded ~748 km to the N.W. at Eskdalemuir, Scotland, July 2015. In the bottom two 794 
panels these phases and amplitudes are compared with ModeFinder calculations to determine 795 
the dependences of H’ and  on time of day. 796 
 797 
Figure 6.  Ionospheric D region height, H’, and sharpness, , as functions of time and solar 798 
zenith angle for geomagnetic dip latitude 52.5º found here from the VLF observations on the 799 
748-km path, DHO to Eskdalemuir. 800 
 801 
 802 

 803 



Path Geog. Lat. Geog. Long. Dates (inclusive)SZA SSN   (km
‐1
)H'  (km) [N2]‐MSIS

DHO(23.4 kHz) ‐> Denmark 54.7°	N 7.9°	E 5‐17 July 2015 33° 41 0.345 72.8 1.181

NAA(24.0 kHz) ‐> PEI 45.5°	N 65.3°	W 2‐5 July 2010 23° 17 0.335 71.8 1.245

NPM(21.4 kHz) ‐> Hawaii 20.5°	N 157.0°	W 19‐25 Aug 2012 10° 58 0.490 69.3 1.481
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