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Heating of the nighttime D region by very low
frequency transmitters
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Abstract. VLF signals propagating in the Earth-ionosphere waveguide are used to
probe the heated nighttime D region over three U.S. Navy very low frequency (VLF, 3-

30 kHz) transmitters. Ionospheric cooling and heating are observed when a transmitter
turns off and on in the course of normal operations. Heating by the 24.0-kHz NAA trans-
mitter in Cutler, Maine, (1000 kW radiated power) was observed by this method in 41

of 52 off/on episodes during December 1992, increasing the amplitude and retarding the
phase of the 21.4-kHz NSS probe wave propagating from Annapolis, Maryland, to Gander,
Newfoundland, by as much as 0.84 dB and 5.3°, respectively. In 6 of these 41 episodes,
the amplitude of the 28.5-kHz NAU probe wave propagating from Puerto Rico to Gander
was also perturbed by as much as 0.29 dB. The latter observations were unexpected due
to the > 770 km distance between NAA and the NAU-Gander great circle path. Heat-
ing by the NSS (21.4 kHz, 265 kW) and NLK (24.8 kHz, 850 kW) transmitters was ob-
served serendipitously in data from earlier measurements of the amplitudes of VLF signals
propagating in the Earth-ionosphere waveguide. A three-dimensional model of wave ab-
sorption and electron heating in a magnetized, weakly ionized plasma is used to calculate
the extent and shape of the collision frequency (i.e., electron temperature) enhancement
above a VLF transmitter. The enhancements are annular, with a geomagnetic north-south
asymmetry and a radius at the outer half-maximum of the collision frequency enhance-
ment of about 150 km. Heating by the NAA transmitter is predicted to increase the night-
time D region electron temperature by as much as a factor of 3. The calculated changes

in the D region conductivity are used in a three-dimensional model of propagation in the
Earth-ionosphere waveguide to predict the effect of the heated patch on a subionospheric
VLF probe wave. The range of predicted scattered field amplitudes is in general consistent
with the observed signal perturbations. Discrepancies in the predictions are attributed to
lack of knowledge of the D region electron density profile along the probe wave great circle

paths.

Introduction

The first experimental evidence for heating of the night-
time D region by very low frequency (VLF) transmitters
[Inan, 1990a], discussed earlier from a theoretical point of
view by Galejs [1972], involved heating by the 28.5-kHz NAU
transmitter in Aguadilla, Puerto Rico. Calculations using
three-dimensional models of heating and propagation in the
Earth-ionosphere waveguide under different D region elec-
tron density profiles were consistent with observations [Inan
et al., 1992]. We present new experimental evidence demon-
strating that powerful VLF transmitters can substantially
heat the nighttime D region overhead on a regular basis
and produce easily detectable changes in other VLF signals
propagating in the Earth-ionosphere waveguide.

Experimental Results

In recent years, Stanford University has conducted VLF
remote sensing experiments at multiple sites across the con-
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tinental United States and Canada [e.g., Inan et al., 1990]
and Antarctica [e.g., Burgess and Inan, 1993]. These obser-
vations rely on narrowband (150 or £250 Hz), high-time-
resolution (10, 20, or 50 ms) recordings of the amplitudes
and phases of VLF transmitter signals (“probe waves”)
propagating in the Earth-ionosphere waveguide (Table 1).
The data sets examined consist of continuous recordings on
digital magnetic tape made typically at night for up to 12
hours and summary charts printed daily and archived for
quick look purposes.

The original purpose of such observations was to study
the spatial distribution and occurrence characteristics of lo-
calized and transient increases in the nighttime D region
electron density that occur in association with atmospheric
lightning discharges [e.g., Inan et al., 1990]. In 1989, the first
experimental evidence for VLF transmitter heating [Inan,
1990a] was discovered in the course of a controlled VLF
wave-injection experiment designed to induce the precipi-
tation of energetic radiation belt electrons using the NAU
transmitter in Aguadilla, Puerto Rico, operating at 28.5 kHz
and radiating a total power of 100 kW. Ionospheric heat-
ing by NAU was detected using subionospheric VLF probe
waves monitored at Palmer Station, Antarctica, for the orig-
inal purpose of observing transmitter-induced electron pre-
cipitation.

This serendipitous discovery led to the suggestion [Inan,
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Table 1. VLF and LF Transmitter Sources of Subionospheric Probe Waves
Call Frequency, Latitude, Longitude,
Letters kHz N w Site Name
NSS 21.4 38°59’ 76°27' Annapolis, Maryland
NPM 23.4 21°25’ 158°09’ Lualualei, Oahu, Hawaii
NAA 24.0 44°39’ 67°17 Cutler, Maine
NLK 24.8 48°12’ 121°55' Jim Creek, Washington
NAU 28.5 18°25’ 67°09’ Aguadilla, Puerto Rico
— 48.5 41°30' 97°36' Silver Creek, Nebraska,

1990b] of heating experiments with the more powerful (1000
kW) NAA transmitter in Cutler, Maine (Figure 1). In this
experiment, ionospheric heating by the 24.0-kHz NAA trans-
mitter is measured using the 21.4-kHz NSS signal propagat-
ing from Annapolis, Maryland, to Gander, Newfoundland
(NSS-GA), as the primary probe wave (Figure 1). Although
plans to operate NAA in specially designed modulation pat-
terns (in collaboration with and by courtesy of the U.S.
Navy) have not yet been realized, cross-modulation of the
NSS-GA probe wave amplitude and phase was observed at
times when NAA turned off in the course of normal oper-
ations for durations of < 1 s to several hours (referred to
here as off/on episodes). By analogy with the NAU heat-
ing results, it was hypothesized that these cross-modulation
events were signatures of ionospheric heating by NAA.

Similar cross-modulation suggestive of ionospheric heat-
ing was found subsequently in single off/on episodes in data
(amplitude only) from two other suitable VLF heater-probe
wave configurations: the NPM-Saskatoon probe wave de-
tecting heating by NLK (Figure 4) and the NAA-Huntsville
probe wave detecting heating by NSS (Figure 6). In each
case, one month of summary plots of narrowband probe wave
amplitudes (and phases, in the case of Gander), selected
based on data availability, was examined for heater off/on
episodes.

The NAA Transmitter as an Ionospheric Heater

At Gander, two 1.7 m x 1.7 m vertical loops (made of
11 turns of wire) were erected so that the NAA signal was
nulled on antenna A and received nearly at full strength
on antenna B. The NLK-GA and NAU-GA data were re-

(48°57'N,
54°31' W)

Figure 1. Map of North America and the Atlantic Ocean
showing the great circle paths of subionospheric VLF probe
waves observed at Gander, Newfoundland, during December
1992. This observational configuration was targeted to ob-
serve heating by the NAA transmitter using the NSS-Gander
probe wave, whose 2063-km great circle path passes within
53 km of NAA.

ceived on antenna A, whereas the NSS-GA and NAA-GA
data were received on antenna B. During December 1992,
NAA turned off/on 52 times at night, for 8 of which only
amplitude data are available. Of the 52 off/on episodes,
38 occurred during the period 0000-0030 UT. In 41 of the
52 episodes, the amplitude and/or phase of the NSS-GA
probe wave was detectably perturbed. These signal per-
turbations represented a temporary cooling of the D region
electrons when the NAA transmitter turns off (Figure 2).
In the light of the emphasis of this research on ionospheric
heating, the leading edges of the amplitude and phase per-
turbations were measured and subsequently inverted before
being tabulated. The leading edges were considered because
NAA did not always turn back on immediately to full power
(e.g., Figure 2, right side). Indeed, in four cases NAA sim-
ply turned off at 1000 UT for the rest of the night. Figure 3
is a scatter plot of the 41 observed pairs of amplitude and
phase changes recorded in this manner. The amplitude per-
turbations (AA) ranged from —0.11 to +0.84 dB, while the
phase changes (A¢) ranged from 0 to —5.3°. The thresh-
olds of detectability of amplitude and phase changes were
approximately 0.1 dB and 0.5°, respectively. In one well-
defined case (Figure 2, right side), the amplitude and phase
of NSS-GA are perturbed by +0.32 dB and —2.7°, respec-
tively. These perturbations are superposed on slow back-
ground variations that in the case of phase are largely due
to local oscillator drift.

In 6 of these 41 episodes, the NAU-GA probe wave ampli-
tude was also perturbed (Table 2). In the case shown in the
left half of Figure 2, the amplitude perturbation on NAU-
GA due to NAA heating is +0.29 dB, and the associated
amplitude and phase perturbations on NSS-GA are 0.84 dB
and —1.5°, respectively. All but one of the six perturbations
on NAU-GA were positive, and no phase perturbation was
ever observed. In contrast, no detectable associated pertur-
bations were observed on the NLK-GA signal. The obser-
vations of perturbations on the NAU-GA signal caused by
NAA are surprising in the light of the > 770 km distance
between NAA and the NAU-GA great circle path (Figure 1).

Since both the probe and heater wave signals are mea-
sured with the same apparatus, it is important to deter-
mine [/nan, 1990a] whether the observed cross-modulation
between the two signals could have occurred within the re-
ceiver. The nonlinear cross-modulation response of the re-
ceiver at Gander was determined by locally injecting a 3-s
on/2-s off 24.0-kHz signal into the terminals of either an-
tenna and performing superposed epoch analysis of (typ-
ically) 60 min of data from VLF transmitter signals re-
ceived concurrently [Rodriguez, 1994]. With a 24.0-kHz 140-
mV m™l-equivalent signal injected into the terminals of an-
tenna B, the cross-modulation on NSS-GA was +0.02 dB
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Figure 2. Heating by NAA observed at Gander (GA).
(Left) NAA heating measured with the NSS-GA probe wave
amplitude and phase and the NAU-GA amplitude on De-
cember 6, 1992. The NAA-GA field strength on antenna A
(not shown) is 3.5 mV m~!. NLK-GA amplitude and NAU
phase are not affected. (Right) NAA heating measured with
the NSS-GA probe wave amplitude and phase on December
16, 1992. NLK-GA amplitude and NAU-GA amplitude and
phase are not affected. Note that the horizontal scales of the
left and right panels are different. In both cases the linear
vertical scale shows electric field in millivolts per meter or
phase in degrees.

and 40.2°, while at 34-mV m™!-equivalent there was no
perturbation of NSS phase or amplitude. With a 24.0-kHz
82-mV m_l-equivalent signal injected into the terminals of
antenna A, the cross-modulation on NAU-GA was —0.1 dB
and —1°; NLK was perturbed +1.6 dB due to its proxim-
ity in frequency to NAA. At 31-mV m™'-equivalent there
was no perturbation of NAU phase or amplitude. By com-
parison the field strength of NAA-GA received on antenna
B at times of NAA off/on episodes during December 1992
ranged from 6.5 to 34 mV m™!, while on antenna A it was
always < 8.4 mV m™!. That is, the received NAA-GA field
strengths were much less than the injected 24.0-kHz equiv-
alent field strengths required to cause measureable cross-
modulation within the receiver. We therefore conclude that
the observed cross-modulation between NAA and the NSS-
GA and NAU-GA probe waves (Figure 2) occurred in the
ionosphere, consistent with NAA heating the D region.

The NLK Transmitter as an Ionospheric Heater

In the second VLF heater-probe wave configuration con-
sidered here (Figure 4), the 23.4-kHz NPM signal propa-
gating from Lualualei, Oahu, to Saskatoon, Saskatchewan
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(NPM-SA), was used to detect ionospheric heating by the
NLK transmitter operating at 24.8 kHz with a nominal total
radiated power of 850 kW. Between October 29 and Novem-
ber 23, 1987, 18 days of usable VLF probe wave amplitude
data were recorded at Saskatoon from a geomagnetic north-
south loop antenna, including 44 NLK off/on episodes, in
four of which the NPM-SA probe wave was perturbed (Ta-
ble 3). In the clearest of the four detectable cases, which
occurred on October 29, 1987 (Figure 5), the response of
the NPM-SA amplitude to heating (NLK on) is ~1.0 dB. In
all four cases, the other probe waves observed at Saskatoon
(Figure 4) are not affected.

During the period considered here, intermittent interfer-
ence was observed in the 23.40 £ 0.15 kHz band at Saska-
toon that probably emanated from the 23.4-kHz transmitter
in Rhauderfehn, Germany. The Rhauderfehn signal is read-
ily observable in the Canadian Arctic [Lauber and Bertrand,
1993]. The interference from the Rhauderfehn signal may
have affected our ability to detect NLK heating using the
NPM-SA probe wave.

The NSS Transmitter as an Ionospheric Heater

In the third VLF heater-probe wave configuration consid-
ered here (Figure 6), the NAA signal observed at Huntsville,
Alabama (NAA-HU), was used to detect ionospheric heat-
ing by the NSS transmitter operating at 21.4 kHz with a
nominal total radiated power of 265 kW. During February
1990 there were 29 NSS off/on episodes, in five of which the
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Figure 3. NSS amplitude and phase perturbations ob-

served at Gander during NAA off/on episodes in Decem-
ber 1992, and perturbations predicted using the heating and
waveguide propagation models. Open circles indicate that
no phase (¢) data were' available; these points have been
plotted slightly off the A¢ = 0 axis for clarity. The thresh-
olds of detectability were approximately +0.1 dB and £0.5°.
Asterisks labeled 0, I, I, and III indicate the predictions for
the corresponding electron density profiles. Loci (dashed
lines) are generated by varying the relative phase of the un-
perturbed and scattered signals from 0 to 2=.



23,332

Table 2. NAA Heating Detected
by the NAU-GA Probe Wave

Date, Time, Observed

1992 UT AA,dB Ag,°
Dec. 6 0119 +0.29 0
Dec. 6 0407 +0.07 0
Dec. 7 0914 +0.23 0
Dec. 7 1000 +0.22 0
Dec. 17 0010 +0.20 0
Dec. 28 0010 —-0.09 0
N, Calculated

Profile AA,dB A¢,°

0 0.000 —0.093

1 0.029 —0.015

II 0.009 -0.004

111 0.000 -0.004

NAA-HU amplitude increased in response to NSS heating
(Table 3). Four of the five cases occurred within 2 min of
0000 UT, while only eight of the 29 off/on episodes occurred
at this time. The other probe waves, received off the single
loop antenna at Huntsville (its plane oriented geomagnetic
north-south), were not affected in any of the episodes. In
the clearest case, which occurred on February 14, 1990 (Fig-
ure 7), the response of the NAA-HU amplitude to heating
(NSS on) is +0.5 dB. The small decrease in the NAU-HU
amplitude occurring 10 s after NSS turned off may have been
due to a lightning-induced disturbance along the NAU-HU
great circle path. The 48.5-kHz off/on episodes occurred
at the transmitter. In the case of February 12, 1990, the
perturbation is much weaker (Figure 7).

Dependence on Geomagnetic Conditions

The ability of VLF transmitters to heat the D region
and the sensitivity of subionospheric VLF probe waves to
this heating depend on the ambient electron density and
temperature of the D region. Geomagnetic activity is one
possible cause of night-to-night variability in the D region

(51°30'N,{ Saskatoo

Figure 4. Map of North America and the Pacific
Ocean showing the great circle paths of subionospheric VLF
probe waves observed at Saskatoon, Saskatchewan, during
October-November 1987. Heating by NLK was discovered
serendipitously using this configuration. The only probe
wave affected by NLK heating was the NPM-Saskatoon
probe wave, whose 5469-km great circle path passed within
79 km of NLK.
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Table 3. Observations of VLF Heating
at Saskatoon (SA) and Huntsville (HU)

Date, Time, NPM-SA
1987 uT AA, dB
Oct. 29 0704 -1.0
Nov. 7 0856 -1.6
Nov. 7 1242 +0.6
Nov. 21 0548 -0.3
Date, Time, NAA-HU

1990 UT AA, dB
Feb. 12 2358 +0.2
Feb. 14 0808 +0.5
Feb. 16 2358 +0.2
Feb. 26 2358 +0.3
Feb. 27 0000 +0.5

electron density since it is associated with increased lev-
els of energetic (> 20 keV) electrons precipitated from the
Earth’s radiation belts into the nighttime D region, resulting
in secondary ionization and hence increased electron den-
sity, which in turn affects subionospheric VLF propagation
[Potemra and Rosenberg, 1973; Voss and Smith, 1980].

One measure of geomagnetic activity is the planetary 3-
hour Kp index. In the case of NAA heating measured by
the NSS-GA probe wave during December 1992, the Kp in-
dices for the periods preceding and concurrent with the 52
NAA off/on episodes ranged from 0 to 6+, with no apparent
relation between size of perturbation and Kp. For the six
NAA heating events observed on NAU-GA during Decem-
ber 1992, the preceding and concurrent Kp indices ranged
from 0 to 5—. In the case of the four observed NLK heating
events observed on NPM-SA during October and Novem-
ber 1987, Kp indices during the preceding and concurrent
3-hour period ranged from 1— to 4. As regards the five
NSS heating events observed on NAA-HU, February 1990
was a fairly disturbed month according to the Kp indices,
with even the quietest day (February 12) being “not really
quiet.” The Kp indices for the 3-hour periods preceding and
including the NSS heating event of February 12, 1990, were
0+; for the other four events, the Kp indices ranged from 4
to 6+. In general, therefore, there is no evidence in the data
analyzed here that either the VLF heating process itself or
its detection by subionospheric VLF probe waves at mid-
latitudes is affected by the level of geomagnetic activity as
measured by the planetary 3-hour Kp indices. This finding
is consistent with the conclusions of /nan et al. [1992] based
on an analysis of a different data set.

In this connection it is interesting to consider whether
some of the observed perturbations attributed to VLF heat-
ing could instead be due to transmitter-induced precipita-
tion of energetic electrons from the Earth’s radiation belts,
whose population depends on geomagnetic activity. Precip-
itation was ruled out as a possible cause of the events ob-
served in the experiment of Inan [1990a] because there was
no delay between the observed cross-modulation on NAA-
Palmer and the on/off pattern of the NAU heating trans-
mitter, an observation strengthened by the presence of im-
mediate, sharp event onsets and cessations. In the data sets
analyzed in this paper, some of the observed events appear
not to have such sharp onsets and cessations due to high lev-
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Figure 5. Heating by NLK observed at Saskatoon (SA).
(Left) Fifty seconds of amplitude data showing NLK heat-
ing as detected using the NPM-SA probe wave on October
29, 1987. The response to NLK turning on (heating) at
0704:40 UT is —1.0 dB. (Right) Fifty seconds of amplitude
data showing NLK heating as detected using the NPM-SA
probe wave on November 7, 1987. The response to NLK
turning on (heating) at 0704:40 UT is 1.6 dB. In both cases,
the NSS, NAA, NAU, and 48.5-kHz signal amplitudes are
not affected by the NLK heating.

els of atmospheric noise, which necessitate substantial block
averaging of the signal to reveal the perturbation. However,
the lack of such sharp signatures does not necessarily al-
low for precipitation to be a possible cause. Satellite-based
in situ observations of energetic electrons precipitated by
the keying of NAA and NSS reveal a ~1-2 s delay between
transmitter turn-on and the electron precipitation [Imhof et
al., 1983a,b], consistent with theoretical expectations [Inan
et al., 1985]. No such delay is observed in the events studied
here, and none of the observed perturbations lasts beyond
the end of the causative heater off/on episode. In fact, some
NAA off/on episodes and their associated NSS perturba-
tions last less than 1 s. The timing aspects of the present
data set and that of Imhof et al. [1983a,b] enable us to
conclude that there is no evidence of transmitter-induced
electron precipitation in the data studied here.
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Electron Temperature Enhancements in
the Nighttime D Region Due to Heating
by VLF Transmitters

The nature of the evidence presented here of cross-
modulation between VLF transmitter signals in the Earth-
ionosphere waveguide suggests that the cross-modulation is
due to heating of the D region over one of the transmit-
ters resulting in a change in the electron collision frequency
(and thus the electrical conductivity), which in turn affects
the propagation of the other signal [/nan, 1990a]. The first
step in the interpretation of the data using the predictions
of theoretical models is a quantitative description of the
heated region using a model of heating of free electrons by
a VLF wave in a weakly ionized plasma [Inan et al., 1992;
Barr and Stubbe, 1992]. The amount of heating by the VLF
wave is determined from the steady state balance between
the rate of energy gained by the electrons from the wave
and lost to Ny and O2 through elastic collisions and in-
elastic collisions involving rotational and vibrational excita-
tion of the neutral molecules. The energy balance equation
isU = Zi-":l [Li(e,Ng) + Li(e,05)] (J m™3 s71), where
U is the sum of the powers dissipated in a unit volume
by both magneto-ionic components and the cooling rates
L; are functions of electron and neutral temperatures T,
and Thn, with i = 1,2,3 representing elastic collisions, ro-
tational excitation, and vibrational excitation [Schunk and
Nagy, 1978; Barr and Stubbe, 1992]. Following Barr and
Stubbe [1992], the refractive indices are determined assum-
ing a momentum-transfer collision frequency proportional to
electron kinetic energy and a Maxwellian electron distribu-
tion [Sen and Wyller, 1960; Hara, 1963)].

In this three-dimensional model [Inan et al., 1992], which
assumes planar geometry, the time-averaged Poynting flux
S is determined at the starting altitude from the transmit-
ter’s total radiated power and radiation pattern, assumed
to be the toroidal pattern of an electrically short vertical
dipole. The Poynting flux is calculated along straight lines
originating at the transmitter and distributed regularly in
elevation and azimuth angles. Refraction, reflection, and
coupling between the ordinary and extraordinary compo-
nents are neglected. At each altitude, U = 2wxS/c is cal-
culated for each magneto-ionic component, where w is the

Figure 6. Map of a portion of North America showing
the great circle paths of subionospheric VLF probe waves ob-
served at Huntsville, Alabama, during February 1990. Heat-
ing by NSS was discovered serendipitously using this config-
uration. The only probe wave affected by NSS heating was
the NAA-Huntsville probe wave, whose 1977-km great circle
path passed within 160 km of NSS.
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Figure 7. Heating by NSS observed at Huntsville (HU).
(Left) Fifty seconds of amplitude data showing NSS heat-
ing as detected by the NAA-HU probe wave on February 12,
1990. The response to NSS turning gradually back on (heat-
ing) is +0.2 dB. (Right) Seven minutes of amplitude data
showing NSS heating as detected by the NAA-HU probe
wave on February 14, 1990. The response to NSS turning
on (heating) at 0811:45 UT is +0.5 dB. The slower variations
are typical of NAA during this period. In both cases, the
NPM, NLK, NAU, and 48.5-kHz amplitudes are not affected
by the NSS heating.

angular wave frequency, x is the negative imaginary part
of the refractive index, and c¢ is the speed of light in free
space. The electron-neutral collision frequency used to cal-
culate x at each altitude is the sum of the ambient collision
frequency at that altitude and the change in collision fre-
quency due to heating at the previous altitude. The energy
balance equation is solved iteratively at each altitude for the
heated electron temperature, and the increased collision fre-
quency v is given by v = (Te/Th)vo, where v, is the ambient
average momentum-transfer collision frequency.

The ambient collision frequency profile [Wait and Spies,
1964] and the four nighttime electron density profiles [Barr
and Stubbe, 1992; Inan et al., 1992] used in this paper are
shown in Figure 8. The ambient temperature profile used is
from the U.S. Standard Atmosphere (1976), as are the neu-
tral density profiles below 86 km. The neutral density pro-
files above 86 km are from the mass spectrometer/incoherent
scatter (MSIS-86) thermospheric model [Hedin, 1987].
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The heated region is represented as the vertical collision
frequency profile through the point (zm,ym, hm) of maxi-
mum heating (defined as maximum Av/v,), scaled by the
transverse structure of the heated region at the altitude of
maximum heating hm [Inan et al., 1992]:

Av(z,y,h
Av(z,y,h) = Av(zm,ym, h) [W .

Shown on the left half of Figure 9 are profiles of the normal-
ized collision frequency change Av(zm,ym, h)/vo(h) due to
heating by NSS, NLK, and NAA, predicted for electron den-
sity profiles 0, I, I1, and III (Figure 8). On the right half are
contour plots of Av(z,y, Am)/ve(hm) over a 500 by 500 km
area predicted for the case of profile 0.

Both the altitude and magnitude of maximum heating are
higher for the more tenuous D regions used here. In the case
of the most tenuous D region (profile 0), heating by NAA
increases the electron temperature by as much as a factor
of 3. In each case, there is a secondary peak in the heating
in the altitude range where the extraordinary component
is maximally absorbed and reflected, corresponding to the
condition w,z,e ~ weew, Where wpe and wee are the electron
plasma frequency and gyrofrequency, respectively, and w is
the wave frequency [Ratcliffe, 1959; Rodriguez, 1994]. Due to
the toroidal radiation pattern of the transmitter, the heating
is minimum (ideally zero) directly above the transmitter. At
hm = 87.1 km over NAA (profile 0) the radius at the outer
half-maximum of Av(z,y, hm)/ve(hm) is about ~ 150 km.

The heated regions are characterized by an asymmetry in
the geomagnetic north-south direction [Galejs, 1972; Inan
et al., 1992], with maximum heating north (poleward) of
the transmitter near a 45° elevation angle, corresponding to
a direction of propagation nearly transverse to the Earth’s
magnetic field. Under this “quasi-transverse” condition of
propagation, the ordinary magneto-ionic component is af-
fected little by the Earth’s magnetic field [Ratcliffe, 1959).
Consequently, it is maximally absorbed [Galejs, 1972; Ro-
driguez, 1994], resulting in the north-south asymmetry in
the heated region.

The prediction here of max{Av(zm,ym, h)/vo(h)} = 2.17
at 87.1 km altitude for the 1000-kW NAA transmitter and
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Figure 8. Electron density (Ne) and average electron-
neutral collision frequency (vo) profiles used. Profile 0 is
from Barr and Stubbe [1992]; profiles I, II, and III are from
Inan et al. [1992]. The collision frequency profile is from
Wait and Spies [1964].
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Figure 9. Vertical and transverse variation of the increase
in D region electron collision frequency over NSS, NLK, and
NAA. (Left) Calculated Av(zm,ym,h)/vo(h) profiles and
(right) contour plots of Av(z,y, hm)/vo(hm) over (a) NSS,
(b) NLK, and (c) NAA. The profiles are shown for electron
density profiles 0 (most tenuous), I, II, and III (most dense),
and the transverse variations are shown for profile 0. In each
case the great circle path of the probe wave that is closest to
the heating transmitter is superposed on the contour plot.
Geomagnetic north is toward the top of the page.

profile 0 (Figure 9c) is much larger than the prediction by
Barr and Stubbe [1992] of max{Av(zm,ym,h)/vo(h)} =
0.72 for the same transmitter and electron density pro-
file. The same prediction using our model but with the
collision frequency profile of Barr and Stubbe [1992] is
max{Av(zm, ym, h)/vo(h)} = 1.84 at 87.5 km [Rodriguez,
1994]. The remaining discrepancy is due in large part to
the fact that Barr and Stubbe [1992] treated only vertical
incidence of the NAA transmitter signal on the D region,
whereas maximum heating is expected for ~ 45° incidence
in the poleward direction from the transmitter, as discussed
above.

Effect of VLF Heating of the Nighttime
D Region on Subionospheric VLF
Probe Waves
A multiple-mode three-dimensional model of VLF propa-

gation in the Earth-ionosphere waveguide [Poulsen et al.,
1993a,b] is used to calculate the vertical electric field of
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the probe wave at the receiver in the absence and in the
presence of heating, the difference between which gives the
resulting amplitude and phase changes. The ambient D re-
gion electron density profile is assumed constant along the
great circle path of the probe wave, but the magnetic dip
angle and ground conductivity are allowed to vary, resulting
in mode coupling along the great circle path. The stan-
dard magneto-ionic theory [Ratcliffe, 1959], which assumes
an effective electron-neutral collision frequency (veg) that is
independent of electron energy, is used to calculate the re-
fractive indices Sy, of the waveguide modes. In order that the
predictions of maximum heating using the theory of Sen and
Whyller [1960] are consistent with the waveguide propagation
model, we use the relation veg = v, where v is the average
momentum-transfer collision frequency in a Maxwellian ve-
locity distribution [Sen and Wyller, 1960]. This relation is
valid for propagation quasi-transverse to the Earth’s mag-
netic field assuming v >> w [Deeks, 1966], which condition is
adequate below 90 km and strictly true below 80 km in our
model ionosphere (Figure 8).

Although the complex refractive index S, of mode n de-
pends nonlinearly on v, numerical analysis [Rodriguez, 1994]
shows that even for a factor of 3 increase in collision fre-
quency (Figure 9c), ASn o Av for all but the highest-order
modes, which contribute insignificantly to the received sig-
nals. Such linearity, which has been demonstrated for an
order of magnitude increase in the collision frequency [Barr
et al., 1985], is due to the fact that since v & wce above
75 km in the midlatitude ionospheres considered here, the
refractive indices for all but “quasi-transverse” propagation
are dominated by the Earth’s magnetic field rather than the
electron-neutral collision frequency [Barr et al., 1985; Ro-
driguez, 1994]. Consequently, the refractive index for each
mode is calculated at each point in the heated region as

Av(z,y, hm) @)

Av(Tm, Ym, hm)
where S and Sp(zm, ym) are the refractive indices of mode
n for the ambient and heated collision frequency profiles,
respectively.

The NSS-GA signal perturbations due to NAA heating
predicted for electron density profiles 0, I, II, and III (Fig-
ure 8) are listed in Table 4 and are plotted in Figure 3 along
with the observed amplitude and phase perturbations. The
largest scattered fields are predicted for heating by NAA
of the most tenuous D region (profile 0). The predictions
for profiles I and III are each consistent with a few of the
observed perturbations. However, the model fails to pre-
dict amplitude and phase change pairs consistent with the
largest observed signal perturbations (AA > 0.25 dB and
A¢ < —2.0°).

To better evaluate the effect of a possible error in the pre-
dicted scattered signal amplitude or phase on the amplitude

Sn(z,y) = Sn + [Sn(zm, ym) — S7]

Table 4. Calculated NSS-GA Perturbations
Due to NAA Heating

Ne AA, A¢, max|AA|, max|Ad],
Profile dB ° dB °

0 +0.01 -3.29 0.51 3.29

I +0.02 -1.34 0.21 1.35

1I -0.05 , —0.77 0.13 0.83

111 -0.06 -0.21 0.07 0.45
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and phase perturbations, the loci of all possible phase and
amplitude perturbation pairs are plotted in Figure 3 for the
calculated magnitudes of the scattered fields. The ampli-
tude perturbations are given in terms of the magnitude of
the ratio

Eo, 4+ E,

= exp(idr) ®

Es
=1 =Zs
+|Eo

expressed in dB, where E, and E, are the unperturbed and
scattered vertical electric field phasors, respectively. The
phase perturbations are given by the phase of this complex
ratio. The loci are generated by varying ¢, the phase of the
scattered field relative to the unperturbed field, from 0 to 2.
The maximum possible amplitude and phase changes calcu-
lated in this manner for a given scattered field amplitude
are also listed in Table 4. The locus of the scattered field
E; predicted for profile 0 passes through a group of several
observed amplitude and phase perturbation pairs, including
the December 16, 1992, event shown in Figure 2. It can be
seen from Figure 3, for example, that if the difference be-
tween the phases predicted for profile 0 were ~ 45° smaller,
then the predicted amplitude and phase perturbations would
be in good agreement with the observations. The range of
predicted scattered field amplitudes is thus consistent with
the observations to within a factor of 2, and ¢r is likely
to be the primary source of the discrepancy. A 45° phase
error corresponds to one-eighth of a wavelength, which at
21.4 kHz is 1.7 km, or less than 0.1% of the great circle path
length between NSS and Gander. In general, given the un-
certainties involved in modeling the D region at all points
between NSS and Gander (a distance of 2063 km) with a
single electron density profile, an error of such a magnitude
(~ 2 km) in the optical path length of the unperturbed (E,)
or scattered (E;) fields is not unexpected.

In the case of NLK heating detected with the NPM-SA
probe wave the calculated amplitude changes (Table 5) are
much smaller than, though mostly of the same polarity as,
the observed values (Table 3). Even the maximum possible
amplitude changes possible for the calculated scattered elec-
tric field amplitudes are smaller than the observed amplitude
change magnitudes. However, it is possible that the inter-
ference from the Rhauderfehn transmitter obscured weaker
perturbations that might have been closer to the predictions.

In the case of NSS heating detected with the NAA-HU
probe wave, the amplitude changes predicted for electron
density profiles 0 and I (Table 6) are consistent with the
magnitude of some of the observed perturbations, but op-
posite in polarity to all of the observed values (Table 3).
Note that for profiles 0, I, and II the magnitudes of the
predicted amplitude changes are essentially the same as the
maximum changes possible for the calculated scattered elec-
tric field amplitudes.

Table 5. Calculated NPM-SA Perturbations
Due to NLK Heating

Ne AA, A¢, max|AA|, max|Ad],
Profile dB ° dB °
0 -0.08 -0.58 0.12 0.78
I -0.07 -1.27 0.21 1.34
II -0.01 -0.28 0.04 0.29
III —-0.01 -0.26 0.04 0.27
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Table 6. Calculated NAA-HU Perturbations
Due to NSS Heating

Ne AA, A¢, max|AA|, max|Ag|,
Profile dB ° dB °
0 -0.24 -0.68 0.26 1.71
I -0.24 -0.19 0.24 1.55
II -0.11 -0.20 0.11 0.72
111 -0.01 -0.11 0.02 0.12

The fact that, in general, larger perturbations are ob-
served on the NSS-GA, NPM-SA, and NAA-HU probe waves
than can be explained by the predicted magnitudes of the
fields scattered from the heated regions may be due in part
to the fact that we neglect reflection effects in the heat-
ing model. Galejs [1972] showed that 20-25% larger vertical
electric fields at h = 85 km are predicted when reflection is
included. In the case of NLK heating, the larger discrepan-
cies may also stem from the assumption of a single ambient
D region electron density profile along the 5469-km NPM-SA
probe wave great circle path. This long path covers a greater
range of geomagnetic latitudes than the other two paths, be-
ing oriented nearly north-south geomagnetic; therefore lati-
tudinal variations in electron density profile, possibly related
to geomagnetic activity [Potemra and Rosenberg, 1973; Voss
and Smith, 1980], may affect the NPM-SA path more than
the NAA-HU or NSS-GA paths.

Due to the great distance of NAA from the NAU-GA great
circle path (> 770 km), scattering of the NAU signal from
the center of the heated region (Figure 9c) toward Gander
should be negligible since the disturbance satisfies the WKB
approximation [Poulsen et al., 1993b]. In order to model the
effect of NAA on NAU-GA, therefore, we consider heating
by the direct (half-hop) rays from NAA impinging on the
ionosphere directly above the point on the NAU-GA great
circle path closest to NAA (770 km in the direction 124° east
of geomagnetic north from NAA), using spherical geometry.
A two-dimensional waveguide calculation is then performed
in which the heated region is modeled as a 100-km-long slab
centered at this point. The maximum collision frequency
changes calculated for the four electron density profiles, and
the altitudes at which they are predicted to occur, are (0)
4.4% at 82 km, (I) 2.4% at 80 km, (II) 1.0% at 76 km,
and (III) 0.5% at 73 km. Note that these increases at a
distance of 770 km from the heating transmitter are very
small compared to the maximum collision frequency changes
predicted to occur near the transmitter (Figure 9c).

Predictions of the perturbation on the NAU-GA probe
wave due to the predicted collision frequency changes are
listed in Table 2. Except for the result predicted for pro-
file I, they are all more than 1 order of magnitude smaller
than the observations (Table 2). The smallest perturba-
tion observed (0.07 dB) is still a factor of 2.4 larger than
the 0.029 dB perturbation predicted for profile I. This rel-
atively large perturbation on the NAU-GA probe wave is
predicted to occur because, under profile I, Gander is lo-
cated in a ~ 10-dB relative minimum of the spatial pattern
of the NAU-GA vertical electric field that makes it more sen-
sitive to the heating by NAA. The NAU field strengths from
Gander at the times of heating signatures are relatively low
but do not strongly indicate the presence of a 10-dB null.
Nevertheless, in the absence of knowledge of the actual state
of the nighttime D region, the presence of a deep null in the
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NAU probe wave vertical electric field at Gander appears
to be a reasonable qualitative explanation for the observa-
tions of ionospheric cross-modulation between NAA-GA and
NAU-GA during December 1992.

Summary and Conclusions

Calculations of scattering of subionospheric VLF probe
waves by patches of increased D region collision frequency
are in reasonable agreement with observed cross-modulation
between subionospheric VLF waves, establishing that the
effect is due to heating in the nighttime D region by VLF
transmitters. Predictions of NAA heating were calculated
for four nighttime D region electron density profiles vary-
ing over 2 orders of magnitude. The predicted radius at
half-maximum of the heated patches is ~ 150 km, and the
electron temperature is increased in the most tenuous D re-
gion by a factor of 3. Predictions of NSS field amplitudes
scattered from the heated region over NAA toward Gan-
der are in general consistent with repeated observations of
NSS-GA amplitude and phase perturbations during Decem-
ber 1992. Heating by NAA has also been observed on the
NAU-GA probe wave, whose great circle path is 770 km
from NAA at its closest approach. This unexpected obser-
vation is explained qualitatively by a null in the NAU-GA
probe wave spatial pattern near Gander making it sensitive
to weak heating by NAA along the NAU-GA great circle
path under a relatively tenuous nighttime D region. Heat-
ing by NSS and NPM has also been observed, using the
NAA-HU and NPM-SA probe waves, respectively. Predic-
tions are in rough agreement with the limited number of
observations in these cases. The observations and results
of the theoretical models indicate that powerful VLF trans-
mitters, typically operating continuously, regularly heat the
nighttime D region overhead. One manifestation of such
heating may be large-scale depletions in the D region elec-
tron density over VLF transmitters [Rodriguez gnd Inan,
1994]; other resulting effects remain to be investigated.
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