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 PREFACE 

The main objective of this project was to estimate the energy distribution of ionosphere 
energetic electrons accelerated by powerful high-frequency (HF) electromagnetic waves 
transmitted from the High-frequency Active Auroral Research Program (HAARP) facility in 
Gakona, Alaska. A new discovery was made during the project. Research results described in 
this report substantially fulfill and expand the planned objectives. The new discovery, that 
accelerated electrons in the ionosphere may not be necessary to explain the artificial 427.8 nm 
wavelength airglow emission induced by powerful HF radio waves, expands the main research 
objective, in part, by providing and analyzing an alternative hypothesis to the generally accepted 
hypotheses that the artificial 427.8 nm wavelength emission is definitive evidence of energetic 
electrons accelerated by powerful HF radio waves. It should be noted no direct measurements 
and only a relatively small set of inferential measurements have been made in support the 
accepted hypothesis. 
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1.0 ABSTRACT 

The main objective of this project was to determine the energy distribution of ionosphere 
suprathermal electrons accelerated by powerful high frequency (HF) electromagnetic waves 
transmitted from the High-frequency Active Auroral Research Program (HAARP) facility in 
Gakona, Alaska. Available measurements from ground-based instruments include optical imager 
measurements of artificial airglow brightness at various wavelengths and radar measurements of 
plasma density. The main methods of estimating energetic electron events in the ionosphere are 
inversion techniques that use physics-based ionosphere models to calculate simulated ionosphere 
responses to parameterizations of accelerated electron sources. Simulation results are then 
matched against measurements to find the set of simulation input parameters that optimize 
agreement with measurements. These techniques can vary from rigorous mathematical solutions 
to ad hoc qualitative comparisons. This research used the latter approach. The accuracy of results 
from both approaches is limited by relatively sparse measurements and incomplete 
understanding of ionosphere physics. Descriptions of the measurements and model are provided 
to aid with interpreting the main results.  

1.1 Background 

Inversion methods using ground-based optical and radar measurements of the upper 
atmosphere combined, with physics-based modelling, are currently the main available methods 
for estimating energetic electron energy distributions from aurora or other processes such as 
powerful high frequency (HF) electromagnetic waves incident on the ionosphere. The 427.8 nm 
wavelength airglow emission is a key measurement for determining energetic electron flux from 
optical measurements. Enhanced 427.8 nm wavelength airglow emissions have been reported 
during ionosphere HF modification experiments conducted during twilight and evening 
conditions at the EISCAT facility in Norway and the HAARP facility in Alaska. These emissions 
are attributed to additional production of N2

+ ions through impact ionization with HF-accelerated 
electrons.  The ionization potential of N2 exceeds 18 eV, so enhanced impact ionization would 
indicate the presence of remarkable acceleration processes in the HF-modified ionosphere.  
However, powerful HF waves are also known to cause significant ionosphere thermal electron 
heating that has been observed to result in electron temperature enhancements exceeding 3000 K. 
During twilight conditions, enhanced N2

+ ion densities above the shadow height will increase 
427.8 nm emissions by resonant scattering of sunlight where N2

+ ions can be lifted from lower 
altitudes by temperature-enhanced ambipolar diffusion. 

Calculations from a 1-dimensional physics-based ionosphere model were performed that 
demonstrate electron HF-heating alone can be sufficient to produce observed enhancements in 
427.8 nm emissions under certain conditions. These numerical results do not necessarily rule out 
the presence of HF-accelerated electrons (particularly with energy exceeding approximately 20 
eV), rather that twilight measurements of airglow intensity alone made are not sufficient 
evidence of energetic electrons and therefore increases uncertainty in subsequent estimates of 
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N2
+ ionization rates, at least not without also accounting for diffusive effects. Simulation results 

are presented that illustrate HF-accelerated electrons can also produce airglow emissions 
comparable those reported in the literature, in addition to electron heating and plasma density 
enhancements that are typical characteristics of many ionosphere radio modification experiments 
including those conducted during the daytime.  

Ultimately, additional measurements are needed to definitively resolve the mechanisms 
responsible for radio-induced aurora, especially the 427.8 nm wavelength emissions. No 
incoherent scatter radar (ISR) measurements of plasma density or temperature during HAARP 
experiments exist, so even basic questions about the background ionosphere state and its 
response to radio modification cannot be answered without relying on significant assumptions 
and speculation. Without an ISR, two new experiments using ground-based optical 
measurements can potentially resolve whether artificial 427.8 nm wavelength emissions are 
caused by thermal electron heating, suprathermal electron acceleration, by some combination of 
the mechanisms considered, or perhaps by some other as of yet unknown process. First, 
simultaneous measurements of emissions from both the first negative bands and Meinel bands 
can potentially resolve the relative contributions of accelerated electron and fluorescent 
scattering mechanisms, as the emission rates from these bands are expected to be in strict 
proportion when resulting from electron impact ionization of N2 molecules. Second, side-view 
altitude-resolved 427.8 nm airglow measurements of 427.8 nm airglow can potentially indicate 
the presence of airglow resulting from enhanced N2 impact ionization near the HF-plasma 
interaction altitude separate from N2

+ ions lifted to sunlit altitudes. 

1.2 Executive summary of results 

The main project objective was to determine energy distribution of ionosphere electrons 
accelerated by powerful high-frequency (HF) radio waves transmitted from the High-frequency 
Active Auroral Research Program (HAARP) transmitter in Alaska. For a given fixed HF-plasma 
interaction altitude, results from this research show that a dual source of 20 eV electrons applied 
at 150 km and 200 km altitudes is sufficient to reproduce substantial airglow and plasma density 
enhancements created above HAARP during March, 2009. These were among the brightest and 
most exceptional radio-induced airglow and plasma events ever observed. A new discovery 
resulting from this project is that significant artificial 427.8 nm wavelength airglow can result 
from thermal heating of the ionosphere plasma and hence is not necessarily an indicator of 
energetic electrons accelerated to energies exceeding 20 eV as previously assumed.  Still, there 
are several unresolved science issues regarding the spatiotemporal evolution of HF-enhanced 
airglow and ionization structures. In particular, the apparent sensitive dependence of the artificial 
airglow and plasma structures on pump frequency relative to nearby electron gyroharmonic 
frequencies cannot yet be explained. Finally, the expected dependence on relative intensities of 
the airglow emission lines on emission altitude has not yet been apparent in measurements.  
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2.0 INTRODUCTION 

The ionosphere is a partially ionized plasma generally considered to extend from 
approximately 80 to 2000 km altitude. The neutral molecules, ions, and electrons composing the 
ionosphere typically have different temperatures in the E region and above, with the electrons 
often the warmest of the constituents with temperatures ranging from 1000 K in the lower 
ionosphere to several thousand Kelvin in the topside ionosphere. A small but significant fraction 
of ionosphere electrons, almost always less than 0.1%, are very energetic and are said to be 
suprathermal with an energy distribution that deviates from the predominate Maxwellian 
distribution of velocities. However, suprathermal electrons have great importance in many 
thermosphere-ionosphere phenomena. 

Sources of suprathermal elections in the ionosphere include photoionization processes that 
create photoelectrons and secondary electrons, auroral precipitation from the magnetosphere, 
high altitude nuclear explosions, and from high-power high-frequency (HF) electromagnetic 
waves incident upon the ionosphere. Energy distributions of suprathermal electrons in the 
ionosphere can be measured in situ with satellites or sounding rockets, as has been done for both 
photoelectrons and precipitating auroral electrons. With one possible exception, no such direct 
measurements of electron energy distributions have been made in ionosphere regions affected by 
powerful HF electromagnetic waves. Instead, ground based optical measurements of artificial 
airglow (colloquially, “artificial aurora”) induced by HF modification (or, “heating”) of the 
ionosphere have been used to both infer the existence of HF-accelerated electrons and their 
energy distribution. 

The artificial aurora is named such as it is because it consists of airglow emissions with 
wavelengths that have all been observed during natural aurora, and the emissions occur in the 
same general region of the atmosphere. Therefore, it is reasonable to assume that, like in the 
aurora, energetic electron impacts with neutral molecules and ions are primarily responsible for 
artificial aurora airglow emissions. Ground-based optical and radar measurements of the natural 
aurora have been used in conjunction with inverse methods built on physics-based ionosphere 
models to estimate the energy distribution of precipitating suprathermal auroral electrons (e.g., 
see Rees and Luckey [1974]). These techniques have recently been applied to the artificial 
aurora. Key to many current inversion methods, and the strongest evidence for the existence of 
HF-accelerated energetic electrons, is the 427.8 nm wavelength (blue) airglow emission from 
N2

+ molecular nitrogen ions. 

Two factors greatly complicate the use of this artificial blue auroral airglow emission to 
estimate energetic electron distributions. First, molecular nitrogen and its chemistry are very 
complex and all relevant physical mechanisms need to be included in any inversion method that 
use this emission. Second, artificial radio-induced 427.8 nm wavelength emissions are very 
weak, with intensities that are usually barely distinguishable from the background airglow, 
contaminating light sources, and instrument noise. A brief review of relevant physics and 
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chemistry important to understanding the results of this research and also to interpreting 
previously published measurements is provided in this report.   

2.1 Artificial radio-induced aurora and accelerated electrons 

Artificial auroras can be created by high-power high-frequency (HF) electromagnetic waves 
beamed into the ionosphere from ground-based transmitters [P A Bernhardt et al., 1988]. The 
first reported HF-enhanced airglow was detected at the 1.27 µm infrared wavelength at the 
Platteville high power transmitter facility in Colorado; this emission was surprising and 
attributed to impact excitation of ground state molecular oxygen O2(

3∑) to the O2(
1∆g) excited 

state by HF-heated thermal electrons and subsequent de-excitation through photon emission 
[Evans et al., 1970; Utlaut, 1970]. Subsequent measurements at Platteville of simultaneous 
artificial 630.0 nm “red line” and 557.7 nm “green line” emissions from the O(1D) and O(1S) 
excited states of atomic oxygen with excitation energies of 1.96 and 4.17 eV, respectively, were 
interpreted by Haslett and Megill [1974] to be the result of impact-excitation from the O(3P) 
ground state of atomic oxygen by HF-accelerated (suprathermal) electrons. If the observed 
artificial 557.7 nm emissions followed from O(3P) → O(1S) impact-excitation by heated 
(thermal) electrons with a Maxwellian speed distribution, then electron temperatures were 
calculated to exceede 20,000 K which would have consequently resulted in red-line emissions 
with intensities several orders of magnitude greater than those observed. Similar measurements 
of artificial red-line and green-line emissions at the Arecibo Observatory in Puerto Rico [P 
Bernhardt et al., 1989] and at the EISCAT-Heating facility in Norwary [Gustavsson et al., 2002] 
confirmed that observed ratios of 557.7 to 630.0 nm emission intensities are not consistent with 
impact excitation of atomic oxygen by heated thermal electrons. This, the presence of HF-
accelerated electrons was assumed to be the primary causal mechanism responsible for artificial 
radio-induced aurora. 

Based on measurements of strong HF-enhanced plasma lines that extended in altitude far 
beyond where HF-induced plasma instabilities were expected above the Arecibo radar and HF-
heating facility, Carlson et al. [1982] concluded that a population of suprathermal electrons 
accelerated to an energy of at least 20 eV was consistent with the ISR measurements.  Gurevich 
et al. [1985] proposed a theoretical mechanism for accelerating a fraction of ionosphere electrons 
near the HF reflection height to energies consistent with the airglow observations and power-
gain available at the Platteville and Arecibo facilities. The 20 eV HF-accelerated electron energy 
estimated by Carlson et al. [1982]  to be available during powerful HF modification experiments 
exceeds the ionization potential of N2 molecules. Therefore, measurable 427.8 nm wavelength 
‘blue-line’ airglow emissions from the first negative band excited state of molecular nitrogen 
ions were expected to occur during HF-modification experiments, especially at the much more 
powerful EISCAT and HAARP facilities. 

Artificial blue-line emissions were subsequently measured during HF-modification 
experiments conducted at the EISCAT facility in Norwary [Gustavsson et al., 2006; Gustavsson 
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et al., 2005; Holma et al., 2006] and the HAARP facility in Alaska [Pedersen et al., 2010].  
Measurements of artificial blue-line emission rates have even been used recently to estimate 
ionization rates [Mishin and Pedersen, 2011] and suprathermal accelerated electron energy 
spectra [Gustavsson et al., 2005] using inversion techniques similar to those described by Rees 
and Luckey [1974]. All artificial 427.8 nm airglow emissions have been interpreted to result 
exclusively from impact-ionization of N2 molecules by energetic accelerated by HF radio pump-
induced plasma waves. 

It is important to note, however, that there are additional potentially relevant mechanisms of 
427.8 nm wavelength airglow emissions that can be affected by HF modification of the 
ionosphere, including resonant scatter of sunlight by N2

+ ions. All prior experiments that 
measured 427.8 nm emissions have taken place during evening twilight conditions, when N2

+ ion 
density-enhanced resonant scattering of sunlight is a significant source of 427.8 nm 
enhancements during sunlit aurora [Remick et al., 2001] and therefore cannot be automatically 
ruled out during artificial aurora. Table 1 shows all published reports of artificial 427.8 nm 
wavelength airglow emissions. The focus of this work was to analyze the electron heating and 
electron acceleration hypotheses to explain the airglow observed during the two experiments at 
HAARP occurring on 17 March 2009 [Pedersen et al., 2010] and 12 March 2013 [Hysell et al., 
2014]. 

 

2.1.1 The 630.0 and 557.7 nm wavelength airglow emissions 
The 630.0 and 557.7 nm wavelength airglow emissions result from deactivation of the O(1D) 

and O(1S) excited states of atomic oxygen atoms, respectively. The primary excitation 
mechanisms include electron impact excitation by energetic electrons with kinetic energy 
exceeding the respective energies of 1.96 and 4.17 eV. Both of these excited states are 
metastable and the transition to the ground state is said to be forbidden. The lifetime of O(1D) is 
approximately 50 s, so below an approximate altitude of 200 km collisions with neutral 

 

Table 1. Experiments with published reports of artificial radio-induced 427.8 nm 
wavelength airglow. 

Experiment date 
(YYYYMMDD) 

Time 
(UT) 

Facility SZA range 
(degrees) 

SH range 
(km) 

Citation 

20011112 1630-1710 EISCAT 106.9-110.4 288.0-426.3 [Holma et al., 2006] 

20020307 1820-1900 EISCAT 102.2-105.4 147.7-235.9 [Gustavsson et al., 2006] 

20021108 1524-1532 EISCAT 100.2-100.9 103.4-117.2 [Gustavsson et al., 2006] 

20020310 1842-1930 EISCAT 102.9-106.5 165.0-273.4 [Gustavsson et al., 2005] 

20090317 0513-0517 HAARP 100.3-100.7 104.8-113.4 [Pedersen et al., 2010] 

20130312 0610-0640 HAARP 106.7-109.6 282.2-390.8 [Hysell et al., 2014] 
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molecules tend to de-excite O(1D) or “quench” without emission of a 630.0 nm photon. The 
lifetime of O(1S) is less than 1 s so 557.7 nm emissions are not significantly quenched above an 
approximate altitude of 100 km.  

In the natural ionosphere, energetic electrons are mainly supplied by photoionization 
processes or auroral precipitation. Thermal electrons from the high-energy tail of the Maxwellian 
distribution are sufficient to excite the O(1D) state that yields 630.0 nm wavelength emissions, 
especially during aurora or HF heating of the ionosphere. Thermal electrons in the ionosphere 
are generally insufficient to excite the O(1S) state and the associated 557.7 nm wavelength 
emission, at least without extreme electron temperatures exceeding 10,000 K that have not been 
observed in any prior ionosphere HF modification experiment. However, note the important 
qualification that there are no reliable electron temperature measurements from any HAARP 
“heating” experiment due to the lack of an ISR near the facility. Finally, it should be noted that 
the main quiet-time source of 557.7 nm airglow observed in the natural undisturbed nighttime 
ionosphere is generally agreed to result from the two-step three-body recombination reaction of 
atomic oxygen to molecular oxygen [Thomas, 1981]. This reaction occurs primarily near 100 km 
altitude and was not relevant to this project.  

Figure 1 shows the natural diurnal variation of the column emission rates above Gakona, 
Alaska on 12 March 2013 at 630.0, 557.7, and 427.8 nm wavelengths, calculated with the Self-
Consistent Ionosphere Model (SCIM) developed for this project and discussed in subsequent 
sections of this report. Column emission rates are expressed in rayleighs (R), a unit of 
measurement described in section 3.3 and is, in this context, the photon volume emission rate 
integrated in the vertical (field aligned) direction. The approximate visible threshold at 557.7 nm 
wavelength in astronomically dark conditions is 1000 R, or the approximate apparent brightness 
of the Andromeda galaxy. The effects of photoionization processes on the airglow emissions are 
evident from the relative magnitudes of daytime and nighttime airglow intensities. (Alaska 
Standard Time is nine hours behind Universal Standard Time i.e. UTC-9.) As mentioned 
previously, the primary source of 557.7 nm airglow at night is the three-body recombination 
reaction and its nighttime variation apparent in the figure is the response to semidiurnal neutral 
atmosphere tides.   
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2.1.2 The 427.8 nm wavelength airglow emission 
Molecular nitrogen ions are a minor constituent in the ionosphere plasma due to efficient loss 

mechanisms, primarily through chemical reactions with atomic oxygen. Nevertheless, optical 
emissions from the Meinel (M) and first negative (1NG) band systems of N2

+ ions are observable 
from the ground and arise from electronic transitions from the N2

+ ion A and B excited states, 
respectively, to the ground state. Unlike the near-infrared emissions from the Meinel system 
which compete with the OH nightglow which is typically more intense, the 427.8 nm ‘blue-line’ 
emission from the 1NG system (0, 1) band is a distinct auroral feature with no significant nearby 
nightglow or band emission [Henriksen, 1984]. Molecular nitrogen ion emissions are detectable 
in ground-measured spectra from the aurora, day aurora, twilight glow, and dayglow [Broadfoot, 
1967].   

The 427.8 nm ‘blue-line’ emission from the first negative band of the molecular nitrogen ion 
N2

+(B) excited state is primarily caused by ionization of molecular nitrogen through impact with 
energetic electrons or photons. Molecular nitrogen has an ionization potential of approximately 
19 eV and a significant fraction of the resulting molecular nitrogen ions are created in excited A 
and B states. The de-excitation occurs almost immediately with a corresponding photon 

 

Figure 1. Diurnal variation of model airglow column emission rates above 
Gakona, Alaska on 12 March 2013. 
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emission. Electron impact ionization of molecular nitrogen is a significant atmospheric source of 
M and 1NG band emissions during auroras (see e.g., Chamberlain [1995]). Resonant scatter of 
sunlight by newly ionized N2

+ ions, and also by N2
+ ions lifted through temperature-enhanced 

ambipolar diffusion, is also a significant source of M and 1NG emissions at high latitudes during 
aurora occurring in the spring and fall when the ionosphere is sunlit for a significant fraction of 
the time the ground is in darkness [Remick et al., 2001]. The prompt emission reactions of the A 
and B excited states of N2

+ ions are summarized in equation (1) [Broadfoot, 1967; Broadfoot and 
Hunten, 1966]. 

 
     
     

2 2
2 2

2 2
2 2

N N 427.8 

N N 1104.0 

u g
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nm

nm
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Figure 1 shows the natural diurnal variation of the column emission rates at the 427.8 nm 
wavelength calculated with SCIM. Similar to the 630.0 and 557.7 nm emissions, the effects of 
photoionization processes 427.8 nm wavelength emissions are evident. Figure 2 shows nighttime 
and daytime altitude profiles of the 630.0, 557.7, and 427.8 nm wavelength volume emission 
rates above Gakona, Alaska on 12 March 2013 at 0630 and 1830 hours UTC.  The important role 
of impact excitation by suprathermal photoelectrons (and secondary electrons) for daytime 
airglow is clearly evident in the differences between the respective profiles of airglow volume 
emission rate at each wavelength. Note in particular that the importance of resonant scatter of 
sunlight by N2

+ ions is particularly evident in the nighttime (twilight) profile of the 427.8 nm 
wavelength volume emission rate. Above approximately 400 km altitude, that is, above the 
shadow height above Gakona at 0630 UTC on 12 March 2013, the 427.8 nm wavelength 
emission rate increases by two orders of magnitude.  This affect is only of minor importance 
relative to photoionization and impact ionization of N2 molecules during the daytime.  
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Understanding the role of N2
+ resonant scatter of sunlight in natural and artificial 427.8 nm 

wavelength aurora requires knowledge of the space- and time-dependence of N2
+ ion density and 

the ionosphere plasma response to heating and new ionization. The number density of ionosphere 
N2

+ at a given location is determined by the balance of production, loss, and divergent transport 
processes. Radio modification of the ionosphere impacts all three processes. Thermal heating of 
the electron gas affects temperature-dependent N2

+ recombination rates and the divergence of 
ambipolar diffusion flux. Electron temperature enhancements during O-mode F-region heating 
above facilities such as HAARP and EISCAT can reach in excess of 3000 K, and can extend 
hundreds of kilometers along the geomagnetic field from the original HF-plasma interaction 
(heating) region.  

 

Figure 2. Altitude profiles of airglow volume emission rates calculated over 
Gakona, Alaska during daytime (solid lines) and nighttime (dotted lines).  The 630.0 
(red), 557.7 (green), and 427.8 nm (blue) wavelength emissions are shown. Resonant 
scatter of sunlight above the 400 km shadow height at 0630 UTC is responsible for the 
notch in the nighttime 427.8 nm wavelength emission.     
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Sources of ionosphere excited state N2
+ ions include electron impact ionization of N2 

molecules, resonant scattering of sunlight by ground-state N2
+ ions, chemical production, and 

photoionization of N2 molecules. In the topside ionosphere, divergent transport of N2
+ ions from 

lower altitudes can also be a significant source. The major local N2
+ ion production reactions are 

summarized in equation (2) [Broadfoot, 1967; Broadfoot and Hunten, 1966]. 
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The primary N2
+ loss mechanisms are through chemical reactions with atomic and molecular 

oxygen molecules. Reaction with nitric oxide (NO) molecules and electron recombination can be 
major loss mechanisms as well under certain conditions but are typically of secondary 
importance. In the E region and lower F region (below approximately 150 km altitude) the 
lifetime of an N2

+ ion is less than approximately 0.1 s where O and O2 molecule densities are 
relatively high. Therefore, transport effects can be neglected in these regions.  The diffusion time 
τ of N2

+ in this region can be estimated to be greater than 10,000 s from the N2
+ ion scale height 

H and its ambipolar diffusion coefficient D:  

 
2

2

H

D
    (3) 

In the topside ionosphere at or above approximately 350 km altitude, divergent transport of 
N2

+ ions from lower altitudes can be a significant source of N2
+ ions as well as a correspondingly 

significant loss mechanism at the N2
+ peak density layer altitude. At 400 km altitude above 

Gakona, the lifetime of an N2
+ ion exceeds 100 s and its diffusion time is approximately 10 s. 

Figure 3 shows typical altitude profiles of N2
+ ion number density and loss frequencies above 

Gakona, Alaska calculated with SCIM. Typical electron number density and neutral number 
density profiles are shown as well for reference. The relevant chemical reactions and reaction 
rates used in the model from Rees [1989] are also listed. 
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The intensity of 427.8 nm wavelength airglow will fluctuate with N2
+ ion density since each 

N2
+ ion resonantly scatters sunlight at a constant rate [Broadfoot, 1967]. Therefore, plasma 

temperature-enhanced long-distance transport of N2
+ ions to higher sunlit altitudes can 

potentially be a source of enhanced 427.8 nm wavelength airglow enhancements during 
ionosphere HF modification experiments, without the need for HF-accelerated suprathermal 
electrons with energies of approximately 20 eV or greater. However, any attempt to quantify the 
variation in 427.8 nm airglow intensity expected from the ionosphere response to electron 
heating or acceleration requires accurately describing the vertical (field aligned) composition and 
temperature of the high-latitude ionosphere. This task involves solving a coupled set of nonlinear 
partial differential equations describing the continuity and momentum of each ion species and 
temperatures of the plasma.   

2.2 Ionosphere model 

A new Self-Consistent Ionosphere Model (SCIM) was constructed to calculate the response 
of a one-dimensional, slab symmetric, high-latitude ionosphere to either electron heating or 
electron acceleration (or both) in the bottom-side ionosphere, at altitudes directly modified by 
powerful HF waves from facilities such as HAARP or EISCAT. Figure 4 shows the typical 80 to 
1000 km vertical simulation domain (green bar) above the HAARP facility in Gakona, the 
corresponding length (red) along the geomagnetic field line terminating in Gakona, and the field 
line (blue) extending 11,000 km (approximately half the distance of the median orbit altitude for 

 

Figure 3. Altitude profile of N2
+ ion loss frequencies calculated from an 

ionosphere model using chemical reactions and rates provided by Rees [1989]. 
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Global Positioning System satellites) for visual context of the relevant geometry. Although 
SCIM simulates a vertical ionosphere with corrective terms to account for a geomagnetic field 
that is, in Gakona, approximately 15° off vertical, this approximation is adequate over the limited 
simulation domain and it allows for a number of simplifications in the model equations and 
simulation software code. 

 

The new ionosphere model was largely based on the previous version of SCIM [C. T. Fallen 
and Watkins, 2010; Christopher T. Fallen et al., 2011]. In brief, the model calculates time-
dependent altitude profiles of the ionosphere plasma density, composition, ionization rates, 
heating rates, and temperatures for a specified high-latitude location when provided with a solar 
ionizing photon spectra in addition to the composition, temperature, and velocity of the neutral 
atmosphere. For this research, the solar ionizing spectra was provided by the EUVAC empirical 
model and neutral atmosphere parameters were provided by the NRLMSISE-00 (MSIS) [Picone 
et al., 2002] and HWM93 [Drob et al., 2008] empirical models. 

Changes were made to the base software source code to: 1. Accommodate an additional 
energetic electron transport calculation that allowed for acceleration sources to be placed at 
arbitrary locations in the domain, 2. Implement ion excited-state chemistry calculations, and 3. 
Implement airglow volume emission rate calculations. The specific physical mechanisms added 
to the model for this research are described in section 3.1 (Simulation design). New simulation 

 

Figure 4.  Illustration showing the simulation spatial domain (green line segment) of 
the Self Consistent Ionosphere Model (SCIM). The curved lines show the geomagnetic 
field extending from 80 km above Gakona, Alaska to (red) 1100 km and (blue) 11,000 km 
away. 
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data products include time- and altitude-dependent energetic electron energy distributions and 
airglow volume emission rates at a variety of wavelengths. 

Figure 5 and Figure 6, reprinted from Fallen [2010], show typical daytime ionosphere 
plasma composition and temperature profiles calculated over Gakona, Alaska. Results are shown 
from both the original physics-based SCIM model and the IRI 2007 [Bilitza and Reinisch, 2008] 
empirical model. A physics-based model was required for this research to calculate the 
ionosphere response to the input of thermal electron heat or accelerated suprathermal electrons, 
which is not possible with empirical or “table lookup” models such as IRI. Note in particular 
from the ion composition profiles that N2

+ ions are an extremely minor constituent of the 
ionosphere plasma at all altitudes. However, measurements of the airglow emissions from 
excited states of N2

+ ions provide one of the major experimental techniques for increasing the 
current understanding of physical processes involved in the natural and artificial aurora. 

 

 

Figure 5. Altitude profiles of ion and plasma number density calculated over 
Gakona, Alaska with the SCIM (bold colors) and IRI 2007 (faint colors) models.  
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Figure 6. Altitude profiles of electron, ion, and neutral gas temperatures 
calculated over Gakona, Alaska with the SCIM (bold red and blue), MSIS (bold 
black), and IRI (faint red, blue, and black) models.  
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3.0 METHODS, ASSUMPTIONS, AND PROCEDURES 

The main objective of this project was to estimate the energetic electron distribution during 
ionosphere modification experiments at the HAARP facility in absence of in-situ measurements. 
Inverse problem methodology is generally the main remaining tool available, which in this 
problem domain, used detailed physical modeling of the ionosphere response to a source of 
energetic electrons which was then compared to available measurements. The sudden shutdown 
of the HAARP facility during this project and the temporary prolonged loss of data access was 
fortuitous in some ways. It allowed for a more detailed modelling effort and analysis that led to 
discovery of an additional potentially important physical mechanism for modulating the 427.8 
nm wavelength airglow emission: resonant scatter of sunlight from N2

+ ions lifted from lower 
altitudes through temperature-enhanced ambipolar diffusion. Calculations and simulation case 
studies were made to analyze its possible contribution to HF-enhanced 427.8 nm wavelength 
airglow observed at the HAARP and EISCAT facilities. 

The 427.8 nm blue-line emission is of critical importance to most inversion techniques for 
determining suprathermal electron energy distributions from spectroscopic measurements in 
natural aurora [Rees and Luckey, 1974; Rees and Lummerzheim, 1989; Rees et al., 1988] and 
artificial aurora [Hysell et al., 2012; Hysell et al., 2014; Mishin and Pedersen, 2011]. Including 
all relevant contributing physical mechanisms to the 427.8 nm wavelength emission is necessary 
for the inversion technique results to have accuracy and relevance. Therefore, in light of the new 
discovery regarding an additional plausible artificial 427.8 nm emission mechanism, the focus of 
this project pivoted somewhat from determining detailed structure of HF-enhanced suprathermal 
electron distributions in the ionosphere above HAARP, as was already provided anyway by 
Hysell, Miceli et al. [2014] during the timeline of this project, to providing better understanding 
of the physical processes involved, at least in the aeronomy sense. 

In this section, first, the Self Consistent Ionosphere Model (SCIM) will be described in brief, 
with emphasis on the new energetic electron transport calculation developed for this project. 
(Section 2.1 describes the relevant airglow emission mechanisms implemented in the model for 
this project.) Second, the specific numerical experiments performed and their relevant 
parameters will be discussed. Results from these numerical experiments are presented in section 
4.0. Third, the unit of column photon emission rate, the rayleigh (R), calculated by SCIM is 
briefly discussed and compared with the rayleigh (R) unit of apparent surface brightness. These 
two units have the same name and, under a specific set of assumptions, the theoretical rayleigh 
unit (of column photon emission rate) is numerically equivalent to the measurement rayleigh unit 
(of apparent surface brightness). However, it is crucially important to be aware of the different 
interpretations of these units when comparing theoretical calculations of photon emission rates to 
measurements of apparent surface brightness, and to critically evaluate whether the assumptions 
made in each case are largely compatible. 
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3.1 Simulation design 

The Self Consistent Ionosphere Model (SCIM) software code is, fundamentally, a loop in 
simulation time that repeatedly solves sequential set of equations. Each iteration consists of a 
“time step” that is usually set between 1 and 600 s.  The equations, described by Fallen [2010], 
determine the response of the model ionosphere from the previous time step to external “drivers” 
such as the MSIS neutral atmosphere and solar zenith angle that are usually advanced each time 
step. There are two sets of equations that are solved sequentially in time as in a “leapfrog 
method.”  

The first set of equations solved each time step, immediately following updates to the 
simulation drivers and boundary conditions, define the “fast” response of the ionosphere, that is, 
to the ionosphere responses that typically reaches equilibrium over the entire simulation domain 
in a time much than a second. These fast quantities include photoionization and excitation rates, 
suprathermal electron energy transport, electron impact ionization and excitation rates, and 
airglow volume emission rates. The majority of the simulation development for this project went 
toward the code that solved for fast ionosphere responses. 

The second set of equations solved each time step define the “slow” responses of the 
ionosphere that occur on time scales greater than seconds that are also, in many cases, altitude 
dependent. These slow quantities include number density of the various ion species, ion 
temperature, and electron temperature. A fully coupled set of nonlinear parabolic differential 
equations is numerically solved to calculate the ionosphere slow responses. 

3.1.1 Diurnal equilibrium solutions 
Simulations of the ionosphere response to high-power HF radio waves or other disturbances 

such as aurora, including those described in this report, were constructed by first calculating a 
“diurnal equilibrium” solution of the ionosphere under typical drivers that vary diurnally such as 
solar zenith angle (SZA), MSIS neutral atmosphere composition and temperature, and downward 
electron heat flux from the magnetosphere. Subsequent simulations of ionosphere “modification 
events” such as aurora or powerful HF pump-wave effects use smaller time steps starting from a 
diurnal equilibrium solution used for supplying initial conditions. Figure 7 shows the ionosphere 
F2-region critical frequency (foF2) calculated as a function of time from a diurnal equilibrium 
simulation, initialized from a plasma-free neutral atmosphere provided by MSIS. The location 
was chosen to be above Gakona, Alaska and the time ranged from 16 to 17 march 2009, covering 
the experiment reported by Pedersen, Gustavsson et al. [2010]. Approximately three hours of 
simulation time are required for the calculated ionosphere plasma density to reach diurnal 
equilibrium in the F2 region. 
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Figure 8 and Figure 9 show the critical frequency foF2 and the F2-region peak density 
height zmF2, respectively, of an ionosphere over the same Gakona location on 12 March 2013. 
The total simulation duration is greater than 24 hours but the diurnally-varying neutral 
atmosphere parameters are set to repeat the conditions for 12 March 2013 instead of advancing 
to 13 March 2013. Repeated values of foF2 and zmF2 are overlaid with the previous values in 
each figure. Both figures demonstrate stability of the simulation solution beyond 24 hours 
beyond the initialization time. Variations in foF2 and, particularly, zmF2 that cannot be 
attributed to changing SZA are caused by semidiurnal variations in neutral atmosphere density 
and variations in neutral atmosphere wind velocities. Section 3.2 describes specific simulation 
parameters used in the diurnal equilibrium simulations.  

 

 

Figure 7. Model initialization and diurnal variation of background ionosphere 
F2-region critical frequency foF2 above Gakona, Alaska from 16 to 17 March 2009. 
The model begins with a “plasma-free” ionosphere at 18:00 hours and reaches 
“diurnal equilibrium” in approximately three hours of simulation time. 
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Figure 8. Diurnal variation of model background ionosphere F2-region critical 
frequency foF2 above Gakona, Alaska on 12 March 2013. 
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Figure 9. Diurnal variation of model background ionosphere F2 region peak 
density altitude zmF2 above Gakona, Alaska on 12 March 2013. 
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3.1.2 Modified energetic electron transport equation 
Physics-based ionosphere models must account for the effects of energetic electron transport, 

particularly for the transport of photoelections and secondary electrons. Photoelectrons and 
secondary electrons cause impact ionization, impact excitation, and electron heating effects.  
Several of these effects have can be approximated by empirical parameters, such as those used in 
the original SAMI2 mid-latitude ionosphere model [Huba et al., 2000]. However, in order to 
calculate the effects of energetic auroral electron precipitation or HF-accelerated energetic 
electrons, an energetic electron transport equation must be solved for the energy distribution at 
each point along the geomagnetic field. For this project, code that solved the two-stream electron 
energy transport equation [Nagy and Banks, 1970] was adapted to allow for sources of energetic 
electrons specified by altitude, energy, production or acceleration rate. The SAMI-PE model uses 
a full multi-stream energetic electron calculation [Varney et al., 2012] but the effects are not 
expected to differ substantially from the classical two-stream method. 

Figure 10 illustrates the field-aligned geometry of the new energetic electron energy transport 
equation. The boundaries at 100 and 1000 km altitude were chosen for the purpose of this 
illustration but are not the exact model boundary altitudes used. The two-stream electron 
transport equations, specifically equations (1) and (2) from Nagy and Banks [1970], solve for 
upward and downward electron flux along the geomagnetic field as functions of altitude and 
energy throughout the simulation domain. The differential equations were then solved using the 
Crank-Nicolson finite-difference numerical method. An upper boundary condition such as the 

downward energetic electron flux  0 ,t   as a function of energy ϵ and time t in Figure 10, can 

be set arbitrarily. Most common choices include a null spectrum, the precipitating electron flux 
from upward traveling photoelectrons from the hemispheric conjugate point, an auroral electron 
energy precipitation distribution, or, typically in SCIM, a soft electron precipitation with a 
Maxwellian energy distribution and characteristic energy of 50 eV as has been assumed in other 
physics-based high-latitude ionosphere models such as Min [1993]. The lower boundary 
condition is typically set to a null spectrum. 

Prior to this research, and that of Hysell, Miceli et al. [2014], simulations of ionosphere 
modification experiments were made by adding an HF-electron volume heating rate to the 
thermal electron energy equation over an altitude region of several kilometers to tens of 
kilometers in the E or F regions, depending on the HF-modification experiment to be simulated. 
(The bottom-side F region, between about 150 and 250 km altitude at the HAARP facility, is 
typically modified in “O-mode” experiments and the E region is typically modified in “X-mode” 
experiments.) The HF-enhanced electron volume heating rate itself is still not a well understood 
quantity. One reasonable approach is to start with the available HF electromagnetic energy flux 
at the interaction altitude and assume that this power is absorbed uniformly throughout the 
interaction region. While uniform power absorption throughout the interaction region is probably 
not a good assumption, repeated ionosphere modification simulations made with SCIM have 
demonstrated that the ionosphere response is not sensitive to the size of the interaction region, 
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only to the total energy flux and the altitude of the interaction region itself (e.g., see Fallen 

[2010]). Consequently, suppose the HF energy flux at the interaction altitude is HF  (expressed, 

say, in units of watts per square meter), a dimensionless “efficiency factor” ε is introduced where 
0 1   indicates net absorption of the pump wave and 1   indicates plasma self-focusing of 
the pump wave, and the interaction layer thickness is set at s  meters, then the simulated HF-
electron volume heating rate in the interaction layer can be expressed as:  

 H
HF

F

s
Q




   (4) 

However, the value of that energy flux itself is difficult to estimate as it can be lower than 
that expected from the net HF transmitter power and antenna gain due to high D-region 
absorption. Alternately, in some cases the energy flux can be larger than the nominal absorption-
free value due to plasma self-focusing effects. Consequently, this is a quantity that is extremely 
difficult to estimate without repeated measurements made remotely with radar or in situ with 
sounding rockets or satellites. Consequently, the transfer rate of electromagnetic energy from the 
HF pump wave to the ionosphere plasma must be a “tunable” model parameter that is estimated 
from reasonable assumptions about the pump wave and adjusted until the calculated ionosphere 
response matches available measurements. 
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To estimate the suprathermal electron HF-acceleration rate (the number of electrons 
accelerated to energy ϵ per unit volume by the pump wave) at a given altitude s, the HF pump 

wave energy flux HF  is again assumed to be absorbed uniformly throughout the interaction layer 

of thickness s . Since the population of thermal electrons in the ionosphere generally has kinetic 
energy of only a few tenths of an electron volt, and the suprathermal electron energies of interest 
range from several electron volts to tens of electron volts, it is assumed here that the energy 
required to accelerate a thermal electron to energy ϵ is the same as ϵ. Consequently the simulated 
HF-electron acceleration rate, with the efficiency factor ε, can be expressed as: 

   H
HF

F1

s
q







  (5) 

Figure 11 shows an example of the calculated combined upward and downward energetic 
electron flux in the interaction region for a simulated ionosphere HF-modification experiment 
where the electrons were heated via equation (4). The numerical experiment that produced the 

 

Figure 10.  Illustration of simulated energetic electron sources in the Self Consistent 
Ionosphere Model (SCIM).  
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image is from a simulation case study of the HF-modification experiment at HAARP on 17 
March 2009 at 05:15 UTC [Pedersen et al., 2010]. Simulated electron temperatures in the 
interaction region at 254 km altitude, near the F-region peak density height, were elevated 
approximately 8000 K, which is perhaps an upper bound of possible heating at HAARP (recall 
that no definitive electron temperature measurements have been made yet at HAARP), resulting 
in a significant increase in energetic electrons with energies below approximately 5 eV. 

The suprathermal electron flux shown in Figure 11 is sufficient to cause a measurable 
enhancement of 630.0 nm wavelength airglow emissions since the difference between the 
corresponding ground state and 1D excited state of atomic oxygen is approximately 2 eV, but not 
the 557.7 nm wavelength emission since the difference between corresponding the ground and 
1S excited states of atomic oxygen is approximately 5 eV.  (The 427.8 nm wavelength emission 
is a more complicated case, as described in section 2.1.) This particular “electron heating” 
ionosphere modification simulation, discussed by Fallen and Watkins [2014] and in section 4.0 
of this report, represents the maximum 427.8 nm wavelength emissions expected to be possible 
by HF-heating of the thermal electrons without any suprathermal electron acceleration processes 
during the ambient geophysical conditions at the time of the experiment.   

Figure 12 shows an example of the calculated combined upward and downward energetic 
electron flux for a simulated mono-energetic 20 eV electron acceleration source, with volume 
production rate estimated with equation (5) to be consistent with power available during a typical 
HAARP O-mode experiment. The suprathermal electron energy distribution does not appear to 
contain a Dirac delta function “spike” as might initially be naively expected due to the mono-
energetic electron acceleration source. However, the solution of the electron transport calculation 
is steady-state, so the increase in flux at all energies less than the acceleration energy is a 
consequence of inelastic collisions of the accelerated electrons with the ambient atmospheric 
constituents.  
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Finally, it should be noted that the energetic electron transport calculation developed and 
used for this research was partially validated for natural auroral precipitation. Preliminary 
examples of these calculations and comparisons with measurements for soft electron 
precipitation events were performed [C. T. Fallen, 2013; C. T. Fallen and Watkins, 2013a; b; c]. 
A more detailed validation involving inversion of electron density profiles measured with the 
EISCAT radar and airglow measured with ground-based photometers during two different 
auroral events are provided by Oyama, S. I., Shiokawa, K., Miyoshi, Y., Hosokawa, K., Watkins, 
B. J., Kurihara, J., Tsuda, T., and Fallen, C. T. [Submitted to JGR Space Physics,  
2015JA022129].    

 

Figure 11. Total field-aligned electron flux (black) in a natural ionosphere and (red) 
in an ionosphere modified by electron HF-heating at approximately the greatest 
plausible heating rate. The flux is calculated at the HF-heating altitude of 254 km for an 
ionosphere over Gakona, Alaska on 17 March 2009 at 05:15 UTC. 
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3.2 Numerical experiments 

Numerical experiments were performed to map the simulated ionosphere modification 
parameter space calculations of airglow volume emission rates, plasma composition, and 
plasma temperatures as functions of altitude. Each simulation is time dependent over a set 
of time-dependent geophysical conditions and simulated ionosphere HF-modification 
parameters, so the parameter space represents variations in interaction type (HF-heating 
of thermal electrons or HF-acceleration of suprathermal electrons), interaction layer 
altitude, and volume power transfer density (equivalently, uniform energy transfer flux 
over identical-thickness interaction layers). The specific ionosphere modification 
experiments simulated include both the two HAARP experiments listed in Table 1. The 
parameter space of the EISCAT experiments listed in the table was also partially explored, 
but it was found the results described in section 4.0 appeared to also apply without loss of 
generality to the simulated EISCAT experiments provided altitudes and calculated airglow 
emissions are scaled according to the more active geophysical conditions occurring during 
the EISCAT experiments.  

 

 

Figure 12. Total field-aligned electron flux (black) in a natural ionosphere and (red) 
in an ionosphere modified by HF-accelerated electrons. The flux is calculated at the HF-
acceleration altitude of 154 km for an ionosphere over Gakona, Alaska on 17 March 
2009 at 05:15 UTC. 
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Table 2 lists the main simulation parameters for the diurnal equilibrium and HF-
modification numerical experiment parameters that are common to all simulations. In particular, 
the results reported here are for an ionosphere over Gakona, Alaska (location of the HAARP 
facility) on either 17 March 2009 or 12 March 2013. Each of the two finalized diurnal 
equilibrium solutions were initialized from an ionization-free atmosphere and the initial 
conditions for the HF-modification simulations were drawn from the diurnal equilibrium 
solutions. The time-step for the diurnal equilibrium solutions was 300 s and the time-step for the 
HF-modification simulations was 10 s. 

Simulation altitude boundaries were set at 80 and 845 km. The altitude grid used 
piecewise-uniform spacing to allow fine resolution at low altitudes where large spatial gradients 
of ionosphere state variables occur and coarse resolution at high altitudes with small spatial 
gradients. Grid spacing was chosen so that the total power transferred to the ionosphere through 
the simulated HF “source” was constant in both the electron HF-heating and HF-acceleration 
experiments. Previous ionosphere HF-modification simulations with SCIM allowed for a 
variable-altitude and variable-thickness HF-interaction region in attempt to simulate the time-
dependent HF-plasma interaction altitude that are believed to depend on the plasma and upper-
hybrid resonance frequencies which can change in response to ionosphere radio modification. 
When the heater frequency is held constant, electron heating or suprathermal electron 
acceleration causes variations in ionosphere plasma density which in-turn cause variations in HF-
plasma interaction altitude and thickness. However, simulations that maintain constant total 
power transfer from the pump wave to the ionosphere plasma, typically specified in simulated 
power volume density rates (say, watts per cube meter), while maintaining expected HF-plasma 
interaction constraints—that still are not yet well understood—greatly increases simulation 
coding complexity.  

The neutral atmosphere provided by the MSIS and HWM empirical models varied 
diurnally according to the F107, F107A, and Ap indices recorded for each experiment day. 
Neutral atmosphere parameters and the solar zenith angle were updated with each time step. The 
solar ionizing photon spectra was held constant for each numerical experiment and was provided 
by the EUVAC empirical model initialized to the F107 index for the specified experiment day. A 
constant perpendicular electric field magnitude of 5 millivolts per meter was imposed on all 
simulations to provide a source of ion joule heating appropriate for modest E×B ion drift speeds 
typical of the quiet geophysical conditions present during the experiments.  Finally, a diurnally-
varying downward electron thermal heat flux appropriate for the month of March over Alaska 
was applied to the upper boundary condition for the thermal electron energy equation. This 
downward thermal electron heat flux from the magnetosphere was derived from International 
Polar Year (IPY) long-duration low duty-cycle Advanced Modular Incoherent Scatter Radar 
(AMISR) measurements made at Poker Flat, Alaska [C. T. Fallen and Watkins, 2013b]. The 
empirical heat flux model boundary condition was developed in part for this project to improve 
accuracy of the SCIM electron density and temperature calculations for nighttime conditions, 
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when artificial airglow experiments are typically performed and when the ionosphere is 
particularly sensitive to electron heat flux from the magnetosphere. 

Table 3 lists the parameter space for each the simulations of ionosphere HF-modification 
experiments at the HAARP facility occurring on 17 March 2009 and 12 March 2013. An electron 
HF-acceleration simulation was performed for each combination of interaction altitude, HF 
energy flux, and accelerated electron energy (mono-energetic accelerated electrons) specified in 
each column of the table. Corresponding classical electron HF heating simulations were 
performed for combination of interaction altitude and HF energy flux values in the left two 
columns of the table. Additionally, a “control” experiment of the natural ionosphere for each 
HAARP experiment listed in Table 1 was performed so that the HF modification simulations 
could be compared to the natural background ionosphere. More than 100 simulations were 
performed to map the altitude-power-energy-mechanism parameter space for each of the two 
HAARP modification experiments (i.e. more than 200 final numerical experiments in total)1. 
Additionally, the parameter space of simulated ionosphere modification experiments at EISCAT, 
also listed in Table 1, was partially explored but did not appear to yield substantially different 
results from the HAARP simulations.    

Interaction altitudes listed in the first column Table 3 were chosen to range from the 
approximate typical F-region peak electron density altitude above HAARP down to the 
approximate lowest altitude of airglow emissions observed during O-mode experiments. 
Typically the interaction region descends in tens of seconds by several kilometers altitude, and 
sometimes tens of kilometers. This phenomena was discovered and described by Watkins, Fallen 
et al. [2013]. The rate and extent of the HF wave-plasma interaction region descent depends on 
the ionosphere plasma frequency resonance altitude corresponding to the pump frequency 
relative to the electron gyroharmonic frequency near that altitude. No attempt was made in this 
project to model the descending interaction region which allowed for more simple numerical 
experiment design and interpretation of results. The interaction layer thickness in all 
modification experiments was assumed to be 4 km which consisted of three altitude grid points 
in the model. 

                                                 
1 Only simulations with the three largest energy fluxes each paired with the 130-134 km interaction region were 
performed, and several of the simulation solutions did not converge due to the difficulty in simultaneously 
simulating the transport-dominated F region and the upper E region where ion densities are determined by 
photochemical equilibrium. Exceptionally steep density and temperature gradients occurred at the 130 – 134 km 
altitude interaction region so a more refined spatial grid, and correspondingly greater simulation time, would have 
been required for simulation convergence. 
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Table 2. Summary of SCIM simulation inputs, parameters, and boundary 
conditions. 

Parameters Values 

GEOSPATIAL 

Time dependence 24 hour cyclic diurnal cycle 

Location Gakona, Alaska (62.4°, 214.9°) GEO 

Time step 
300 s for diurnal equilibrium simulations to calculate initial conditions 
10 s for ionosphere modification simulations 

Vertical grid 

240 points distributed as follows: 
1 km spacing between 80 and 90 km altitudes 
1.5 km spacing between 91.5 and 130 km 
2 km spacing between 132 and 330 km 
5 km spacing between 335 and 845 km 

ION AND ELECTRON LOWER BOUNDARY CONDITIONS 

Altitude 80 km 

Number density Photochemical equilibrium 

Temperature MSIS neutral gas temperature 

ION AND ELECTRON UPPER BOUNDARY CONDITIONS 

Altitude 845 km 

Number density flux 0.0 m-2 s-1 (all species) 

Electron thermal energy flux  Time dependent, based on Fallen and Watkins [2013b] 

Ion thermal energy flux 0.0 μW m-2 (ion gas) 

Energetic electron flux 
Non-auroral simulations include soft 50 eV Maxwellian electron 
precipitation with flux 20 μW m-2  

AMBIENT GEOPHYSICAL CONDITIONS 

E  5 mV m-1 

Solar parameterization EUVAC [Richards et al., 1994] based on the F107 index 

Neutral atmosphere 
composition, temperature, and 
winds 

MSIS00 and HWM93 based on Ap, F107, and F107A indices 
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HF energy fluxes listed in the second column Table 3 defined the simulated power 
transfer rates from the HF pump wave to the ionosphere in the interaction region, either through 
electron acceleration or thermal electron heating. Equation (4) defined the thermal electron 
volume heating rate from the HF pump wave energy flux for the thermal electron HF-heating 
numerical experiments. For the suprathermal electron HF-acceleration numerical experiments, 
both the pump wave energy flux and accelerated electron energy in Table 3 define the volume 
production rate for mono-energetic suprathermal electrons with energy ϵ through equation (5). 
The suprathermal electron volume production rates are also calculated on the assumption of 
uniform absorption of RF energy flux throughout the 4 km interaction layer to arrive at an HF-

plasma energy volume transfer rate HF s  . 

There is another complication in choosing the RF power fluxes and associated volume 
energy transfer rate, in addition to those mentioned in section 3.1. The “interaction altitude” 
during ionosphere modification experiments is generally near the altitude where the ionosphere 
plasma frequency matches the chosen pump frequency (say, 2.8 MHz). However, the HAARP 
antenna gain changes significantly with the chosen pump frequency and the net transmitted 
power is typically chosen to be the maximum power available. The net transmitted power does 
not significantly change with pump frequency.  Furthermore, the actual RF energy flux from 
HAARP, like all sources of electromagnetic flux, varies with the inverse square of the distance to 
the interaction region, or approximately, the altitude.  Both of these complications are tractable, 
albeit somewhat cumbersome to program, but were not addressed in the model created for this 
research as the solution further complicates interpretation of the model results. Instead the RF 

 

Table 3. Altitude-power parameters for SCIM simulations of ionosphere HF-
modification experiments. Numerical experiments were performed for every 
combination of three parameters chosen from each column, in addition to thermal 
“electron heating” simulations defined by interaction altitude and RF energy flux. 

Interaction altitudes 
(km) 

RF energy fluxes 
(μW/cm2) 

Accelerated electron energies 
(eV) 

250 to 254 0.1 exp(-4) = 0.0018 20 exp(-2) = 2.71 

200 to 204 0.1 exp(-3) = 0.0050 20 exp(-1) = 7.36 

150 to 154 0.1 exp(-2) = 0.0135 20 exp(0)  = 20.00 

130 to 134 0.1 exp(-1) = 0.0368 20 exp(1) = 54.37 

0.1 exp(0) = 0.1000 20 exp(2) = 147.78 
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energy flux parameters were systematically chosen to range from the approximate maximum 
possible HAARP electromagnetic power flux in the F region (without absorption or plasma self-
focusing effects), a tenth of a microwatt (or 100 nanowatts) per square centimeter, with each 
lessor power flux set to be a factor of Euler’s number e less than the previous flux. It should be 
noted that very little is actually known about the effective energy transfer rate from the pump 
beam to the ionosphere plasma during any ionosphere HF-modification experiment.   

The monoenergetic suprathermal accelerated electron energy values in Table 3 were 
chosen in a similarly systematic mathematical method as the energy flux values. Each energy 
value differs from the next largest or smallest value by a factor of Euler’s number. The base 
value of 20 eV was chosen because it is slightly greater than the ionization energy of molecular 
nitrogen and electron impact ionization of N2 molecules is one of the physical mechanisms 
responsible for 427.8 nm wavelength airglow. The next smallest values of suprathermal electron 
energy, 7.36 and 2.71 eV, are each slightly larger than the excitation energies for the 1S and 1D 
excited states from the ground state of atomic oxygen responsible for the 557.7 and 630.0 nm 
wavelength airglow emissions, respectively. The next largest energy value above the base value 
is 54.37 eV and is somewhat greater than the approximate 30 eV characteristic energy of the 
auroral electron precipitation estimated to be responsible for the famous type A intense “blood 
red” aurora occurring during the great geomagnetic storm of 10 February 1958 [Robinson et al., 
1985]. The next greater and largest energy value is 147.78 eV and generally represents an 
approximate upper bound of suprathermal electron energy believed obtainable with ground-
based HF radio transmitters.   

Table 4 shows the resulting accelerated electron production rates, for each choice of 
accelerated electron energy and available RF energy flux, applied uniformly to the 4 km 
interaction layer. Note that the maximum production rate of the highest energy electrons is 
numerically equal to the minimum production rate of the lowest energy electrons, etc., through 
the systematic choice of parameterization. The two HAARP experiments simulated in detail 
were “on-off” experiments with duty cycles of a few minutes. Without loss of generality, the 
simulated experiments consist of a single electron HF-heating or HF-acceleration “on” time with 
a duration of five minutes.  
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3.3 Rayleigh: a unit of photon column emission rate or of apparent surface brightness 

Theoretical or numerical model calculations must be compared with measurements in order 
to evaluate understanding of physical processes believed responsible for a given phenomenon. 
For this research, the modelled and measured airglow intensity was compared. However, this 
comparison is not as straightforward as might be expected, despite the use of apparently 
equivalent units for expressing and relating two distinct physical phenomena: the photon 
emission rates emitted by a column of gas (calculated by the model) and photon collection rates 
measured by an instrument (reported as a surface brightness). These two physical units are 
equivalent under certain conditions and assumptions.    

The rayleigh (R) was originally defined as a unit of measure for the total column emission 
rate from an optically thin gas species in the upper atmosphere [D. J. Baker and Romick, 1976]. 
This is a convenient unit to calculate when the isotropic volume emission rate φ is known as a 
function of distance along a line defining the view of an “observer.”  Symbolically, let r be the 
distance along this path, Δφ be the isotropic volume emission rate at some specified wavelength 

or wavelengths from volume ΔV at position r, and 
0

lim 
 

  
V

V . Then the isotropic column 

emission rate η is the line-of-sight column integral of the volume emission rate:  

  
column

r dr     (6) 

The rayleigh is thus defined as a unit of this column emission rate to be:  
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2

photons
1 rayleigh = 1 R 10  

sec m  col
   (7) 

Table 4. Suprathermal electron volume production rates (cm-3 s-1). The RF energy 
flux is assumed to be absorbed uniformly over a 4 km thick interaction layer. 

  Suprathermal electron energy (eV) 
  2.7067 7.3576 20 54.3656 147.7811 
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0.0018316 7039.137 2589.554 952.644 350.458 128.926 

0.0049787 19134.358 7039.137 2589.554 952.644 350.458 

0.013534 52012.578 19134.358 7039.137 2589.554 952.644 

0.036788 141384.845 52012.578 19134.358 7039.137 2589.554 

0.1 384323.856 141384.845 52012.578 19134.358 7039.137 
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This is the rayleigh unit of column photon emission rate used in this report to describe the 
simulated intensity of airglow emissions from a column of the upper atmosphere along the 
magnetic zenith. 

 The rayleigh is also a unit of measured apparent surface brightness, and this dual 
definition can be used without any loss of generality under specific circumstances [D. J. Baker 
and Romick, 1976]. Specifically, the two definitions are equivalent when “the field of view of a 
photometric instrument is completely and uniformly filled by an extended isotropic radiation 
source” [Doran J. Baker, 1974]. However, even if this criterion is met, this equivalence still 
requires careful calibration of the instrument, beyond the tacit understanding that scattering and 
reabsorption of the emission along the line of sight are unknown. For artificial aurora resulting 
from ionosphere HF modification experiments, there are several additional points of note that 
cloud the comparison of calculated column emission rates and measurements of apparent spatial 
brightness. 

First, in order to assume equivalence of the two rayleigh units of measurement, spatial 
inhomogeneities in the column emission are assumed to occur only on much larger scales 
relative to the field of view of the instrument [J. W. Chamberlain, 1961]. This is often not the 
case with artificial airglow emissions observed at the HAARP or EISCAT facilities (e.g., 
decameter-scale structures were observed by Kendall, Marshall et al. [2010]). Second, ground-
based measurements of artificial airglow intensity enhancements, expressed in rayleighs, often 
involve subtracting out the background intensity. However, as can be seen in plots of simulated 
diurnal airglow intensity variation such as Figure 1, the background intensity can change 
significantly over time scales of minutes during evenings when typical artificial airglow 
measurements are taken. Even after astronomical twilight, the upper atmosphere may still be 
sunlit with the column density of sunlit gas species changing with time. Third, measured 
artificial airglow intensity enhancements, particularly the 427.8 nm wavelength emission, are 
weak and enhancements are comparable to the background intensity. Fourth and finally, the 
vertical extent of ionosphere modifications including airglow enhancements during cases where 
the modification occurs near the F-region peak density layer, calculated to extend several 
hundreds of kilometers along the geomagnetic field. There are conflicting observations and 
assumptions regarding this in the literature, particularly in regards to “spherical” [Gustavsson et 
al., 2001] or “filamentary” [Kosch et al., 2007; Pedersen et al., 2010] regions of artificial 
airglow extent. 

Therefore, caution should be used when making direct numerical comparisons between the 
column emission rates calculated from modeled volume emission rates and column emission 
rates inferred from measurements of apparent surface brightness.  When possible, relative 
quantities should be used for comparisons, such as the relative change in intensity from the 
background or the ratios of intensities measured at different wavelengths. General conclusions 
on physical processes can still be drawn from calculated or observed changes of airglow intensity 
(or the lack thereof). 
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The uncertainties in the available optical measurements of apparent surface brightness are 
substantial, including: 1. the dynamic small-scale structures observed in the optical 
measurements, particularly of the 427.8 and 557.7 nm wavelength emissions; 2. the uncertainty 
of the appropriate altitude range to integrate without altitude-resolved optical measurements; 
and, 3. the artificial 427.8 nm wavelength intensities are extremely weak and are only slightly 
more than the instrument noise. Therefore, in light of the optical measurement uncertainties, 
rigorous inversion techniques for calculating energetic electron spectra was not performed with 
the simulation calculations. Instead, the results presented in section 4.0 represent a qualitative 
estimation of plausible electron heating rates, acceleration rates, and energies. Graphs of 
parameterized ionosphere profiles and airglow column emission rates are used to provide 
intuitive illustrations of the ionosphere effects from heated or accelerated electrons, the effects of 
which are very sensitive to the altitude where the electron heat or acceleration sources are 
applied.    
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4.0 RESULTS AND DISCUSSION 

Overall results include more than 200 time-dependent and altitude-dependent simulations of 
plasma composition, temperature, and airglow volume emission rates at various wavelengths for 
both EISCAT and HAARP experiments, particularly those conducted on 17 March 2009 [Mishin 
and Pedersen, 2011; Pedersen et al., 2010] and 23 March 2013 [Hysell et al., 2014] at HAARP. 
First, the time dependent response of the ionosphere in terms of O-mode critical frequency foF2 
and photon column emission rates are presented for selected modification mechanisms (electron 
heating or electron acceleration energy), total RF-plasma energy transfer flux, and modification 
source altitude. Constraints on accepted modelling results include the following reported 
observations during experiments when artificial 427.8 nm wavelength airglow was measured: 

17 March 2009 [Mishin and Pedersen, 2011; Pedersen et al., 2010] 

1. The onset of artificial 427.8 nm wavelength emissions occurred almost immediately after 
the pump wave transmissions began. 

2. The maximum artificial 427.8 nm wavelength intensity of ~20 R occurred approximately 
20 s after start of the pump wave and then steadily descended to ~5 R at 240 s. 

3. The artificial aurora was reported to be faintly visible to the unaided eye, indicating that 
the 555.7 nm wavelength apparent surface brightness was approximately 1000 R, or the 
630.0 nm wavelength intensity was approximately 3000 R, or probably some 
combination of both emissions. 

4. Artificial plasma “layers” at 150 km and 200 km altitude were reported with plasma 
density of approximately 105 cm-3, comparable to the F-region peak density nmF2 at the 
time of the experiment.  The pump frequency was maintained near foF2, which was not 
observed to change in response to heating, so the layers are interpreted as “descending” 
ionization starting at 250 km altitude. 

5. The most intense 557.7 nm wavelength airglow was estimated to have a volume emission 
rate of approximately 10 cm-3 s-1 at the ~150 and 200 km altitude plasma density 
enhancements.  

23 March 2013 [Hysell et al., 2014] 

6. The average artificial airglow apparent surface brightness measured by Hysell, Miceli et 
al. [2014] was also ~20 R but was described as “barely” statistically significant. 

7. The average 557.7 and 630.0 nm wavelength intensities were measured to be 
approximately 500 and 2000 R, respectively. 

8. The 557.7 nm wavelength airglow was spatially inhomogeneous and time varying, with 
local maxima intensities of approximately 5 times the average intensity. 

9. Artificial airglow was described to be “clearly visible” to the unaided eye. 
10. Modest plasma density enhancements of approximately 104 cm-3 were reported at 

approximately 210 km altitude. 



34 
 

4.1 Time-dependent ionosphere response 

The simulated ionosphere modification simulations described in this section use a 10 s time 
step. The figures illustrate the simulated ionosphere response to electron heating or electron 
acceleration, applied to an interaction region at various altitudes with various energy transfer 
rates and characteristic energies. Constraints on possible driven energetic electron energies and 
fluxes are developed through a two-step process of first eliminating simulations where the 
calculated time dependent electron density characterized by time-dependent foF2 show 
substantial increases over the background values. 

The calculated ionosphere plasma density response to electron heating and acceleration 
altitude dependent. One characteristic the two target experiments share is that neither reported 
changes in the ionosphere foF2 which was continuously measured with an ionosonde co-located 
with the main HF transmitter at HAARP. There is some evidence that O-mode HF pumping can 
cause decreases in foF2, however. Multiple previous heating experiments conducted at the 
EISCAT reported measuring a decrease in F-region peak ionosphere plasma volume density 
nmF2 of up to 20% during O-mode transmissions during pumping with radio frequencies near 
foF2 [Rietveld et al., 2003].  

The simulated airglow intensity at each wavelength was calculated by numerically 
integrating the respective photon volume emission rates from the lower to upper simulation 
boundaries. Again, it is not clear that this calculated column emission rate, expressed in units of 
rayleighs, is directly comparable to measurements of apparent surface brightness, also expressed 
in units of rayleighs. (These two units of measurement are equivalent only under a very specific 
set of circumstances, as mentioned in section 3.3). Artificial radio-induced aurora are richly 
structured, dynamic, and often do not even fill the field of view of the instrument. The 
comparison between model and measurement is especially unclear when the emissions from a 
wide range of altitudes extending hundreds of kilometers are significant, as opposed to being 
concentrated in a small range of altitudes. 

4.1.1 Ionosphere critical frequency 
No apparent significant difference was noted in calculated foF2 between corresponding 

simulations of the two experiments. Therefore, without loss of generality, only results from the 
simulated 17 March 2009 are shown here. Also, since no observations of O-mode HF 
modification at altitudes of 130 km altitude are available, those simulations conducted for model 
development purposes were not analyzed in detail. 

Figure 13 shows the ionosphere critical frequency versus time for the simulated 17 March 
2009 experiment with thermal electron heating applied at 250 km altitude near the F-region peak 
plasma density altitude (zmF2). The ionosphere critical frequency drops significantly during 
heating due to temperature-enhanced ambipolar diffusion which relaxes plasma density altitude 
gradients. Atomic oxygen ions are the principle ionic constituent in the F region and heating 
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increases diffusive flux up the geomagnetic field line where it can linger for several minutes to 
tens of minutes, and down the geomagnetic field line where it is destroyed through chemical 
reactions with the increasingly dense neutral atmosphere. The magnitude of the induced drop in 
foF2 decreases with decreasing altitude of the heat source due to increasing cooling by inelastic 
collisions and decreased electron thermal conductivity with decreasing altitude. The calculated 
dramatic drops in simulated foF2 due to electron heating is unphysical, however, since a drop in 
critical frequency below the (typically fixed) pump frequency will tend to arrest the HF-electron 
heating process. Therefore electron heating was not eliminated from consideration on the basis of 
foF2 effects alone. The simulations with the heat source applied at 150 km altitude did not 
converge due to excessive electron temperature altidue gradients. Also, the simulations with the 
maximum heat flux of 0.1 μW/cm2 applied at 200 and 250 km altitude did not converge due to 
excessive electron temperature enhancements exceeding 10,000 K. 

 

For the suprathermal electron acceleration simulations, the ionosphere modification as 
measured by foF2 varied with accelerated electron energy and volume number production rate. 
Sources that accelerated electrons to energies of 2.71 eV and 7.36 caused decreases in 
ionosphere foF2 similar in some aspects to the thermal heating simulations. This is expected 

 

Figure 13. Calculated ionosphere foF2 response to thermal electron heating at 250 km 
altitude with 0.0000, 0.0018, 0.0050, 0.0136, and 0.0368 μW/cm2 energy flux. 
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since both energies are beneath the ionization energies of the major neutral atmosphere 
constituent molecules. One notable difference between the low-energy acceleration simulations 
and the electron thermal heating simulations was that very little dependence on energy transfer 
flux was exhibited in the low-energy electron acceleration simulations. Otherwise, the decrease 
in foF2 was approximately 0.2 MHz below the (decreasing) background foF2 of approximately 
3.2 MHz. The magnitude of the foF2 decrease resulting from 7.36 eV electron acceleration was 
even less than the 2.71 eV acceleration for equivalent choices of energy transfer flux. None of 
the 2.71 eV and 7.36 electron acceleration simulations were eliminated from consideration on the 
basis of foF2 effects. 

Figure 14 shows the ionosphere critical frequency versus time for simulations of electron 
acceleration to 147.78 eV applied at 200 km altitude. The results are also generally 
representative of the 20.00 eV and 54.37 eV acceleration simulations. Significant increases in 
foF2 are apparent for large values of energy transfer flux, when significant numbers of electrons 
approach the F region peak density layer with energies exceeding the 8.32 eV ionization energy 
of atomic oxygen atoms. For low values of energy transfer flux applied at 200 km altitude, a 
small decrease in foF2 occurred because the effect from enhanced ambipolar diffusion via 
electron heating by elastic collisions with the accelerated suprathermal electrons was greater than 
ionization effects by the few suprathermal electrons capable of approaching the F-region peak 
density layer with energy greater than 8.32 eV. 
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Figure 15 shows that 147.78 eV electron acceleration sources applied at 150 km altitude, 
where the neutral atmosphere is relatively dense and has significant accelerated electron stopping 
power, can still result in detectable increases in foF2 provided sufficient total RF energy flux and 
associated accelerated electron production. On the basis of the calculated changes to foF2, the 
simulations with the largest two values of RF energy flux applied at 200 and 250 km altitude 
were eliminated, in addition to the simulation with the largest RF energy flux applied at 150 km 
altitude. Consequently, the only electron acceleration simulations considered potentially viable 
have sources between 0.0018 or 0.0136 μW/cm2 flux applied at 200 or 250 km altitude, and 
sources with energy equal to or below 0.0368 μW/cm2 flux applied at 150 km altitude. Recall 
that these values of available energy flux roughly correspond to 2% to 40% of the nominal RF 
energy flux at the center of the pump beam, traveling through a vacuum a distance of 200 km.  

  

Figure 14. Calculated ionosphere foF2 response to suprathermal electron acceleration 
at 200 km altitude to 147.78 eV with 0.0000, 0.0018, 0.0050, 0.0136, 0.0368, 0.1000 μW/cm2 
energy flux. Only the two largest energy fluxes exhibited an increase in foF2, apparent in 
the image as step increases, while the 0.0136 μW/cm2 flux simulation exhibited a small 
decrease in foF2.   
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4.1.2 Photon column emission rates 
Simulations that were not rejected due to unobserved artificial changes in ionosphere critical 

frequency foF2 were screened for cases where the column emission rate at 427.8 nm wavelength 
was approximately 20 R. Additional necessary criteria for selection were 557.7 nm column 
emission rates of approximately 500 to 1000 R and 630.0 nm emission rates of approximately 
2000 to 3000 R. Simulations with calculated column emission rates that fell far outside these 
parameters were rejected from further consideration. The spectrographic apparent surface 
brightness time series measurements shown in Figure 16 reprinted from Hysell et al. [2014], 
provided the main foundation for comparison with the calculations of airglow column emission 
rates. A target of approximately 20 R column emission rates at 427.8 nm wavelength was also 
derived from estimates of apparent surface brightness reported by Pedersen et al. [2010]. 

 

Figure 15. Calculated ionosphere foF2 response to suprathermal electron acceleration 
to 147.78 eV at 150 km altitude with 0.0000, 0.0018, 0.0050, 0.0136, 0.0368, 0.1000 μW/cm2 
energy flux. Only the two largest energy fluxes exhibited an increase in foF2, apparent in 
the image as step increases. 
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Figure 17 shows the first simulation of an ionosphere thermal electron heating 
experiment that resulted in a 16 R enhancement of 427.8 nm wavelength emissions without a 
suprathermal electron acceleration source [C. T. Fallen and Watkins, 2013a]. Subsequent heating 
simulations, including those conducted during this research, exhibited somewhat smaller 427.8 
nm airglow enhancements. Figure 18 shows the calculated 427.8 nm wavelength airglow column 
emission rate during 250 km thermal electron heating at the maximum nominal heating rate of 
0.1 μW/cm2 for the 17 March 2009 HAARP experiment. This particular case maximizes the 
artificial 427.8 nm enhancement which is approximately 10 R or 100% greater than the 
background intensity. Since there is no significant enhancement in electron energy above the 18 
eV ionization threshold of N2

+, the cause of this 427.8 nm airglow enhancement is due solely to 
enhanced resonant scatter of sunlight by N2

+ molecules lifted to higher altitudes. The intensity is 
comparable to the measured 427.8 nm emission and also follows the steady decrease in intensity 
due to increasing solar zenith angle that is comparable to that reported by Pedersen, Gustavsson 
et al. [2010]. This is somewhat less (approximately 50%) than the observed value but is still 
comparable to calculated 16 R blue line emissions for a simulated experiment on 15 November 
2012 in Alaska that initially led to the discovery of the potential importance of resonant scatter of 
sunlight on the artificial 427.8 nm wavelength emission (see Figure 17) [C. T. Fallen and 
Watkins, 2013a; d]. However, two notable features may exclude this hypothesis from further 
consideration given current knowledge of ionosphere physics. 

 

Figure 16. Measurements of apparent surface brightness of artificial aurora, reprinted 
from Hysell et al. [2014]. The right panel shows the time series of (blue) 427.8, (green) 
557.7, (red) 630.0, and 844.6 nm wavelength brightness. 
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First, extreme electron temperature enhancements of greater than 5000 K were calculated 
to extend hundreds of kilometers up the geomagnetic field line and this magnitude of electron 
temperature enhancement has not been measured and reported, at least not at EISCAT. While 
HAARP is a much more powerful HF transmitter than the EISCAT HF transmitter and no ISR 
measurements of electron temperature enhancements have been made at HAARP, there is no 
evidence yet that such temperature enhancements are reasonable. Second, the calculated 630.0 
nm enhancements are enormous, nearly 50,000 R, which definitely have never been observed 
during any ionosphere radio modification experiment. The cause of the 630.0 nm enhancements 
is electron temperature-enhanced impact excitation of atomic oxygen to the 1D excited state 
ranging from the 250 km altitude HF-plasma interaction region to the top simulation boundary. 
This calculated enhancement may be an overestimate of the actual effect, even provided the 
electron heating location and available RF energy flux were accurate, as there are some 
indications that the electron thermal conductivity expression used in SCIM and other models 
may overestimate thermal conductivity at high altitudes in the high latitude ionosphere. 
Regardless, the 630.0 nm enhancement expected with such intense thermal electron heating at 
the F-region peak density height provides reason to eliminate this particular simulation 
hypothesis for the 17 March 2009 experiment. 

Simulated thermal electron heating at 200 km altitude with a flux of 0.0368 μW/cm2  
(roughly 40% of the nominal RF energy flux available at HAARP) resulted in artificial 427.8 nm 
wavelength airglow enhancements of approximately 5 R, or 50% above the background value. 
The corresponding enhancements at 630.0 nm wavelength were 2500 R and no significant 557.7 

 

Figure 17. First calculation of significant 427.8 nm wavelength “blue line” emissions 
calculated for simulated thermal electron heating over Alaska. 
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nm wavelength enhancements were calculated. Under the assumption that observed radio-
induced airglow can result from a combination of electron thermal heating and suprathermal 
electron acceleration, it is reasonable to suppose that, at least for the 17 March 2009 experiment 
at HAARP, up to 5 R of the observed artificial 427.8 nm wavelength emission can result from 
heated thermal electrons alone. This has important consequences for studies that use inversion 
techniques to estimate energetic electron distributions or ionization rates from the artificial 427.8 
nm wavelength emission that assume electron impact ionization of N2 is the sole source of 427.8 
nm emissions [Hysell et al., 2012; Mishin and Pedersen, 2011]. Thermal electron heating at 150 
km altitude resulted in no significant 427.8 nm wavelength emission and only a modest 10 R 
enhancement of the 630.0 nm wavelength emission. 

 

Simulations with a 2.71 eV suprathermal electron acceleration source at 250 km altitude 
produced a nearly 2 R enhancement of the 427.8 nm wavelength emissions in addition to a 30 R 
enhancement of the 630.0 nm emission (no enhancements of the 557.7 nm emission resulted). 
Again, this contribution to the artificial blue aurora is due to increased resonant scatter of 
sunlight since the electrons accelerated by the artificial source have energy far less than the 
required 18 eV ionization energy of N2 molecules. This effect is not very sensitive to the 

 

Figure 18. Calculated 427.8 nm wavelength column emission rates for nominal 
maximum thermal electron heating with 100 nW/cm2 flux applied at 250 km altitude 
above Gakona, Alaska. 
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available energy flux. Consequently, any estimates of electron energy distributions based on 
spectroscopic measurements that do not account for resonant scatter of sunlight by N2

+ ions lifted 
above the shadow height by temperature-enhanced ambipolar diffusion are over-estimating the 
acceleration rate of electrons with energy greater than ~20 eV. Sources that accelerate 
suprathermal electrons to 2.71 eV energy applied at 150 km altitude did not produce any 
significant changes in airglow at 427.8, 557.7, or 630.0 nm wavelengths. 

Interestingly, the 7 eV suprathermal electron acceleration source did not significantly change 
the 557.7 nm wavelength emission when applied at any altitude or with any power flux. One 
explanation is that the electron impact cross section for excitation of the atomic oxygen O(1S) 
state peaks at approximately 10 eV and diminishes rapidly with energy to the 5 eV threshold. 
The overall effects on the airglow emissions at the three wavelengths considered here were 
similar to the effects resulting from a 2.71 eV suprathermal electron source.   

When a 20 eV suprathermal electron acceleration source is applied, the approximate 
minimum energy required for 427.8 nm wavelength airglow emissions resulting from ionization 
of N2 molecules, emissions at 557.7 nm and 630.0 nm are also present. The ratios of the column 
emission rates change with the altitude of the acceleration source. Also, the energy flux required 
to maintain a constant 427.8 nm wavelength column emission rate increases with decreasing 
altitude of the acceleration source. These two general characteristics are shared with the 
ionosphere responses to 54 and 148 eV suprathermal electron acceleration sources which are 
briefly reviewed in this section. However, there is little observational or theoretical evidence yet 
that supports the hypothesis that HF-plasma interactions have accelerated electrons to energies 
significantly greater than 20 eV.   

Figure 19 shows the calculated airglow column emission rates resulting from a 20 eV 
suprathermal electron acceleration source applied at either 150, 200, and 250 km altitude. The 
available energy flux (applied uniformly over a 4 km thick layer) was held constant at 0.0050 
μW/cm2 and was chosen so that the calculated altitude dependence of the artificial 427.8 nm 
wavelength airglow enhancement approximately followed the time dependence exhibited by 
Pedersen, Gustavsson et al. [2010], assuming the source of the emissions descended from 250 
km altitude to 150 km altitude. The altitude of the HF-enhanced ion line (HFIL) measured with 
the Modular UHF Ionosphere Radar (MUIR) co-located with the HAARP transmitter is believed 
to correspond with the source of accelerated electrons presumably responsible for artificial 
airglow emissions. Figure 20, reprinted from Fallen [2010] and adapted from Pedersen, 
Gustavsson et al. [2010], shows the altitude-dependence of the artificial 557.7 nm wavelength 
airglow intensity and the HFIL measured during the HAARP experiment conducted on 17 March 
2009.  
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The calculated enhancement of the 427.8 nm wavelength airglow column emission rate 
decreases from approximately 20 R at 250 km altitude to 7 R at 200 km, and then to 3 R at 150 
km.  Meanwhile, the enhancement of the 557.7 nm wavelength airglow column emission rate 
increases from approximately 70 R at 250 km altitude to 120 R at 200 km, and then to 150 R at 
150 km. Finally, the enhancement of the 630.0 nm wavelength airglow column emission rate 
decreases from approximately 360 R at 250 km altitude to 250 R at 200 km, and then to 10 R at 
150 km. The increase in the artificial 557.7 nm emission with decreasing altitude of the 
accelerated electron source is not surprising given that the number density of atomic oxygen 
atoms increases with decreasing altitude throughout the simulation domain. The decrease in the 
artificial 630.0 nm emission would generally be expected under the assumption that the source of 
accelerated electrons is descending with altitude. Curiously, the calculated time-dependence of 
the of the artificial 557.7 and 630.0 nm wavelength enhancements with changing source altitude 
are not apparent in the experiments reported by Hysell, Varney et al. [2012] and Hysell, Miceli et 

 

Figure 19. Airglow column emission rates versus time for an ionosphere modified 
by a 20 eV suprathermal electron source with 4 km thickness and 0.0050 μW/cm2 of 
available energy flux, applied at 150, 200, and 250 km altitude above Gakona, Alaska 
between 0510 and 0515 hours UTC on 17 March 2009. The maximum 427.8 nm column 
emission rate, approximately 20 R, was obtained with a 250 km source. 
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al. [2014], including the 13 March 2002 experiment despite available MUIR measurements 
showing descent of the HFIL from 250 to 200 km altitude.  

A suprathermal 54 eV electron acceleration source at 250 km altitude causes enhancements 
of the 427.8 nm wavelength airglow emission between approximately 10 and 30 R for energy 
fluxes between 0.0018 and 0.0050 μW/cm2 (about 5% of the nominal available RF energy flux 
available at HAARP). However, enhancements in the 557.7 and 630.0 nm wavelength intensities 
range from 15 to 40 R and 85 R to 230 R, respectively. These values of energy flux are 
significantly less intense than measured values during experiments exhibiting a ~20 R airglow 
enhancement at 427.8 nm wavelength. 

A 20 R enhancement in the 427.8 nm wavelength emission was calculated when the 
suprathermal 54 eV electron source is placed at 200 km altitude with energy flux of 0.0050 
μW/cm2. However, similar to the 250 km source, the calculated enhancements at 530.0 and 630.0 
nm wavelengths of 80 and 180 R, respectively, are less than those observed during a comparable 
event with 20 R enhancements at 427.8 nm wavelength. If the source is moved down to 150 km 
altitude, then a flux between 0.0050 and 0.0135 μW/cm2

 causes enhancements of 10 to 30 R in 
the 427.8 nm wavelength emission with corresponding enhancements of 80 to 215 R and 10 to 
20 R in the 557.7 and 630.0 nm wavelength emissions, respectively. 

 

 

Figure 20. Field-aligned 557.7 nm airglow (white) and HF-enhanced ion-line 
intensity (copper) over the HAARP facility in Gakona, Alaska.  A wide-field imager 
located about 160 km north of HAARP measured the airglow intensity.  MUIR, 
collocated with HAARP, measured ion-line intensity. 
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Note that the intensity of the 630.0 nm emission maximizes when the electron acceleration 
source is applied at 200 km altidue rather than 150 or 250 km altitude. Part of this result is 
expected from theoretical arguments based on increased quenching of the 1D excited state of 
atomic oxygen. Curiously, this characteristic decrease of 630.0 nm wavelength emission with 
decreasing interaction altitude has not been reported, not even during experiments where the 
interaction altitude drops by approximately 50 km, presumably due to significant pump-induced 
ionization. Therefore the simulated 54 eV electron acceleration sources at 250, 200, and 150 km 
altitudes were rejected from further consideration. 

Finally, the 148 eV suprathermal electron acceleration source yields airglow intensities 
broadly comparable to the 54 eV source at all altitudes and energy fluxes. Also, similar to the 54 
eV source, the 557.7 and 640.0 nm wavelength column emission rates caused by the 148 eV 
suprathermal electron source are significantly less than the measured values when the available 
energy flux was set to 0.0050 μW/cm2. This value was sufficient to produce an approximate 20 R 
enhancement in the 427.8 nm wavelength emission. Figure 21 shows the calculated column 
emission rates resulting from the 148 eV acceleration source placed at 250, 200, and 150 km 
altitudes with an available energy transfer flux of 0.0050 μW/cm2.  
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4.2 Altitude profiles 

Altitude profiles of electron number density during simulated electron heating or acceleration 
can be used to further bound the hypothesized accelerated electron distribution. Given that the 
calculated time-dependent column emission rates shown in section 4.1.2 generally matched the 
surface brightness of artificial aurora created by HAARP, the choices of plotted altitude profiles 
of plasma density, plasma temperature, and airglow volume emission rates shown in sections 
4.2.1 and 4.2.2 were generally restricted to the 20 eV electron acceleration. 

The calculated plasma density profiles below the F-region peak density altitude were 
compared and validated with ionosonde measurements made at HAARP. In principle, plasma 
temperature calculations could also be validated provided ISR measurements, but no such 
measurements have ever been made at HAARP. Consequently, only rough comparisons can be 
made with EISCAT and, possibly, Arecibo measurements. 

Very few side-view measurements of artificial aurora surface brightness exist so it is not yet 
possible to significantly validate the altitude profiles of calculated airglow volume emission 

 

Figure 21. Airglow column emission rates versus time for a 147 eV suprathermal 
electron source of 4 km thickness with 0.0050 μW/cm2 of available energy flux, applied at 
150, 200, and 250 km altitude above Gakona, Alaska on 17 March 2009. 
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rates.  However, the calculated altitude profiles are important to understanding the physical 
processes involved in the artificial aurora. The airglow volume emission rate calculations 
provide predictions that can be validated against side-view airglow measurements made during 
future ionosphere radio modification experiments. Altitude profiles of artificial airglow, 
particularly the 427.8 nm emission, provide a key indicator for the presence of artificially 
accelerated electrons. The presence of artificial 427.8 nm aurora alone is not necessarily 
sufficient to infer the presence of accelerated electrons. 

4.2.1 Plasma density and temperature 
Both ionosphere electron heating and electron acceleration are expected to change the plasma 

temperature and density along the geomagnetic field during radio modification experiments, 
based on theory and previous ISR measurements made at Arecibo and EISCAT. Electron heating 
can cause density increases or decreases, and sometimes both simultaneously, depending on the 
altitude where the heat source is applied. If the heat source is applied in the lower F region, then 
heating tends to decrease temperature-dependent molecular ion recombination rates which can 
lead to plasma density enhancements in the lower F region. If the heat source is applied near the 
F region peak density altitude, electron heating increases temperature-dependent ion ambipolar 
diffusion which leads to density decreases near the F region peak density layer and density 
increases in the topside ionosphere. 

Figure 22and Figure 23 show the plasma temperature and density response, respectively, of 
the ionosphere above Gakona to electron heating with 5 nW/cm2 flux at 150, 200, and 250 km 
altitude. The high-latitude ionosphere response to an artificial heat source has strong dependence 
on the altitude of the heat source. At low altitudes, collisions with neutral constituents provide a 
significant heat sink and also inhibit conduction of heat away from the source region. This is 
evident in Figure 22 as low altitude-heating produces a larger temperature enhancement that is 
more restricted in altitude range than heating with the same energy flux at high altitudes near the 
F-region peak density layer. 



48 
 

 

The plasma density response to artificial thin-layer heating is also altitude dependent. 
Figure 23 shows that heating at higher altitudes, generally 200 km and above, results in depletion 
of the F-region peak density plasma. This effect has not generally been observed at HAARP with 
ionosonde or GPS slant TEC measurements. However, indirect measurements made with MUIR 
at HAARP are consistent with this depletion [C. T. Fallen, 2010] and a depletion of up to 20% 
have been reported from ISR measurements made at EISCAT [Rietveld et al., 2003]. The 
depletion is caused by enhanced ambipolar diffusion that relaxes density gradients by enhancing 
diffusion of ions both up and down the field lines.  Heating at lower altitudes such as 150 km, or 
sometimes even up to 250 km altitude also results in plasma density enhancements at lower 
altitudes. This effect results from decreased molecular ion recombination due to enhanced 
electron temperatures. Note that the plasma density enhancement from temperature-inhibited 
molecular ion recombination was found to be far less significant than the artificial layers 
measured with the HAARP ionosonde by Pedersen et al. [2010]. 

 

Figure 22. Calculated electron (solid), ion (dashed), and neutral (dotted) temperature 
profiles following 5 min of electron heating with 5 nW/cm2 flux applied at 250 km (red), 
200 km (green), and 150 km (blue). Black curves show the unmodified ionosphere. 
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Figure 24 shows the plasma temperature response at all power fluxes listed in Table 3, 
from 0 to maximum nominal electron heating with 100 nW/cm2 flux, at 250 km altitude. The 
maximum flux of 100 nW/cm2 flux was sufficient to generate artificial 427.8 nm wavelength 
airglow with comparable intensity to the brightest artificial airglow observed at that wavelength. 
The calculated electron temperatures, exceed any radio-modified ionosphere electron 
temperatures observed to date by at least a factor of 2. However, no ISR measurements of 
electron temperature have ever been made at HAARP, where the HF transmitter is more 
powerful transmitter than that at any other ionosphere heating facility, past or present. 

 

Figure 23. Calculated electron number density profiles after 5 min of electron heating 
with 5 nW/cm2 flux applied at 250 km (red), 200 km (green), and 150 km (blue) altitude. 
The black curve shows the unmodified ionosphere. 
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Since no ISR measurements have ever been made at HAARP, the only direct altitude-
resolved plasma density measurements available have been made from the on-site Lowel DPS4D 
“Digisonde” ionosonde. Inferential measurements have been made at selected altitudes with the 
Modular UHF Ionosphere Radar (MUIR). Brief in-situ measurements have been made with 
spacecraft such as from the Defense Meteorological Satellite Program (DMSP) orbiting at 
approximately 840 km altitude. Scaled ionograms from the 17 March 2009 HAARP experiment, 
reprinted from Pedersen et al. [2010] in Figure 25, were used to determine which artificial 
accelerated electron production sources result in calculated ionosphere electron density profiles 
that closely match the scaled ionograms measured during the experiment.  

The calculated plasma density and temperature profiles presented in this section were 
selected to illustrate the processes involved and certain limiting cases resulting from ionosphere 
modification by thermal electron heating at HAARP. The following plots of simulation results 
show the ionosphere response to electron acceleration sources for two distinct cases. First, results 
are shown for 20 eV electron acceleration sources with 5 nW/cm2 energy flux applied at different 

 

Figure 24. Calculated electron (solid), ion (dashed), and neutral (dotted) temperature 
profiles after 5 min of electron heating with 5 nW/cm2 flux applied at 250 km altitude. The 
ion and electron temperature profiles are calculated for each power flux listed in Table 3, 
starting with 0 (leftmost respective curve) and ending with 100 nW/cm2 (rightmost 
respective curve).  
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altitudes. The highest altitude source generates airglow column emissions that are generally 
consistent with measurements of apparent surface brightness of the artificial aurora made by 
Pedersen et al. [2010] or Hysell et al. [2012]. Second, results are shown for 20 eV electron 
acceleration sources that generate artificial plasma density enhancements that most closely match 
corresponding ionosonde measurements of plasma density shown in Figure 25.   

 

Figure 26 shows the plasma temperature response to a 20 eV electron acceleration source 
with 5 nW/cm2 energy flux applied at 150, 200, and 250 km altitudes. Unlike artificial electron 
heating, the electron temperature enhancements due to electron acceleration decreases with 
decreasing altitude despite constant RF-plasma power transfer flux. Similar to electron heating, 
the affected region is generally smaller in altitude extent when the source is applied at lower 
altitudes than at higher altitude, though electron acceleration affects a larger region along the 
field line since accelerated high-energy electrons travel further between collisions than thermal 
or low-energy electrons due to decreasing collision cross section with increasing electron energy. 
Electron temperature enhancements are less than 1000 K for all cases, significantly less than the 
3000 K or greater electron temperature enhancements believed to occur at HAARP. This would 
be consistent with substantial electron heating or low-energy electron acceleration effects 
occurring in addition to high-energy electron acceleration.  

 

Figure 25.  Ionograms before (left) and during (middle) heating with approximate 
scaling curves (right), reprinted from Pedersen et al. [2010], measured during the 17 
March 2009 experiment at HAARP. 
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Figure 27 shows the plasma density response to a 20 eV electron acceleration source with 
5 nW/cm2 energy flux applied at 150, 200, and 250 km altitudes. In an absolute sense, the plasma 
density response is not significantly altitude dependent despite apparent differences in the 
density profiles of ionospheres modified by electron acceleration sources placed at different 
altitudes. In each case, however, the plasma density enhancement is approximately 3×1010 m-3 
but is only apparent at lower altitudes where the background electron density is comparable or 
less in magnitude to the enhancement and is more readily apparent on the logarithmic scale of 
the plot axis. None of the three cases result in plasma density enhancements or “layers” observed 
in the ionosonde data.  

 

Figure 26. Calculated electron (solid), ion (dashed), and neutral (dotted) temperature 
profiles following 5 min of 20 eV electron acceleration with 5 nW/cm2 flux applied at 250 
km (red), 200 km (green), and 150 km (blue) altitude. Black curves show the unmodified 
ionosphere. 

0 1000 2000 3000 4000 5000

100

200

300

400

500

600

700

800

Temperature (K)

A
lti

tu
de

 (
km

)

5 nW/cm2 20 eV source -- 17-Mar-2009 05:15:00



53 
 

 

 The resulting catalog of simulated ionosphere density profiles were searched to find the 
cases where 20 eV electron acceleration sources produced plasma density enhancements that 
most closely matched the artificial “layers” apparent in the scaled ionograms (Figure 25) 
measured during the HAARP experiment on 17 March 2009. Calculated plasma density results 
from two separate simulations illustrated in Figure 28 show calculated artificial layers that were 
in good agreement with the scaled ionograms. The simulations both used 20 eV electron 
acceleration sources, one with 13.5 nW/cm2 flux applied at 200 km altitude and the other with 
36.8 nW/cm2 flux applied at 150 km altitude. In principle, a third 20 eV source at 250 km 
altitude also could have been included without much apparent effect on the calculated plasma 
density profile. As shown in Figure 27 the resulting relative density change from a 5 nW/cm2 
flux at 250 km is minimal and would not likely be measurable with the ionosonde.  

Diffusion is not an effective ion transport mechanism near 150 km altitude so the 
superposition of the two modified ionosphere density profiles illustrated in Figure 28 is a 

 

Figure 27. Calculated ionosphere electron number density profiles after 5 min of 20 eV 
electron acceleration with 5 nW/cm2 flux applied at 250 km (red), 200 km (green), and 150 
km (blue) altitude. The black curve shows the unmodified ionosphere. 
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reasonable representation of an ionosphere modified by two electron acceleration sources applied 
at 150 and 200 km altitude. The side view tomographic reconstruction of 557.7 nm airglow 
emissions, reprinted in Figure 29 from Pedersen et al. [2010], provides optical evidence that 
ionosphere radio modification can have rich structure and may be composed of multiple 
“sources” of heating and election acceleration (or other modification effects). In light of the 
airglow tomographic reconstruction in Figure 29, the different values of accelerated electron flux 
used to bring the simulated enhanced ionosphere plasma density layers into agreement with the 
ionosonde measurements are reasonable for two reasons. First, the “1/r2” dependence of free 
space radio frequency energy flux suggests greater flux at lower altitudes than higher altitudes. 
Second, the apparent higher altitude “donut” optical structure has a radius from beam center of 
approximately 20 km, a significant fraction of the beam width at that altitude so the radio 
frequency energy flux is expected to be significantly less than at the beam center.  

 

 

Figure 28. Calculated ionosphere electron number density profiles after 5 min of 20 eV 
electron acceleration with 13.5 nW/cm2 flux applied at 200 km (dotted) and 36.8 nW/cm2 
flux applied at 150 km (solid) altitude. The dashed curve shows the unmodified ionosphere. 
The power levels were chosen to result in ionosphere plasma density profiles that 
correspond to the scaled ionograms illustrated in the right panel of Figure 25. 
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4.2.2 Photon volume emission rates 
Photon volume emission rates were calculated as functions of altitude and time. As shown in 

section 4.1.2, the simulated radio-modified photon column emission rate enhancements relative 
to the background values were largely independent of time and this was also generally true of the 
volume emission rates. The background volume emission rates and column emission rates 
(volume emission rates integrated with respect to distance along the magnetic zenith) typically 
decrease with time in the evenings, the time of most ionosphere radio-induced aurora 
experiments, as the solar zenith angle increases. The plots in this section show calculated altitude 
profiles of 427.8, 557.7, and 630.0 nm wavelength volume emission rates at 05:15 hours UTC on 
17 March 2009 following five minutes of simulated radio modification. The plots also show the 
respective background unmodified volume emission rates at 05:15 UTC.  

Artificial electron heating is not sufficient to cause artificial 427.8 nm wavelength airglow 
through direct electron impact ionization of N2 molecules. However, field-aligned conduction of 
electron heat causes redistribution of ionosphere plasma through enhanced ambipolar diffusion 
which can result in enhanced N2

+ ion densities at higher sunlit altitudes which in turn causes 
enhanced 427.8 nm emissions through resonant scatter of sunlight. Figure 30 shows calculated 

 

Figure 29. Reprinted images from Pedersen et al. [2010] showing (top left) images of 
artificial airglow at 557.7 and 427.8 nm wavelengths at HAARP, (bottom left) time variation 
of average 427.8 apparent surface brightness, and (right) tomographic reconstruction of 
estimated enhancements to 557.7 nm wavelength volume emission rates at 210 s into the HF 
transmitter ‘ON’ cycle. 
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427.8 nm airglow volume emission rate altitude profiles of the background ionosphere and the 
modified ionosphere resulting from a 100 nW/cm2 flux electron heat source applied at 250 km 
altitude. In this case, the majority of artificial 427.8 nm airglow occurs above 300 km altitude. 
Significant high-altitude 630.0 nm airglow enhancements and minor changes to the 557.7 nm 
wavelength emission profile (not shown) also occur. This calculation represents the maximum 
expected 427.8 nm airglow enhancement due to thermal electron heating by high-power radio 
waves. Also, this result is generally representative of ionosphere modification via low-energy 
(less than 20 eV) artificial electron acceleration. Note that electron thermal conductivity 
decreases with decreasing altitude so artificial 427.8 nm emission rates also decrease as the 
artificial electron heat source is moved to lower altitudes. 

Electron acceleration to energies of 2.71 and 7.36 eV resulted in modest calculated 427.8 nm 
emissions qualitatively similar to the electron heating case. As those electron energies are less 
than the 18.1 eV ionization threshold for impaction ionization of N2 molecules and subsequent 
first negative band emissions from excited state N2

+ ions, the mechanism is also attributed to 
enhanced resonant scatter of sunlight due to N2

+ ions lifted to higher sunlit altitudes through 
plasma heating by elastic collisions with suprathermal electrons. As noted in section 4.1.2, the 
calculated enhancement in 557.7 nm airglow emissions was insignificant for 7.36 eV accelerated 
electron heating and this is likely because the O(1S) impact excitation cross section peaks at 
approximately 10 eV and decreases sharply for energies below that value.    

 Calculated airglow volume emission rates resulting from accelerated electrons generally 
are maximized near but not necessarily within the electron acceleration region. Figure 31 shows 
427.8, 557.7, and 630.0 nm wavelength volume emission rates calculated for both the 
background ionosphere at 05:15:00 UT and the modified ionosphere after a source of 20 eV 
accelerated electrons with 5 nW/cm2 flux was applied at 250 km altitude for a duration of 300 s. 
The following Figure 32 and Figure 33 show the corresponding volume emission rates for the 
same artificial electron source applied at 200 and 150 km altitude, respectively.  The three plots 
illustrate the altitude variation of airglow volume emission rates responsible for the integrated 
column emission rates shown in Figure 19. In particular, the plots demonstrate that the 557.7 nm 
wavelength emission intensity increases with decreasing source altitude, for the same power flux, 
while both the 427.8 and 630.0 nm emissions decrease significantly in intensity with decreasing 
source altitude. These characteristics should be apparent in artificial aurora experiments at 
HAARP, such as those described by Hysell et al. [2014], where the presumed accelerated 
electron source region, as indicated by radar, descends from approximately 250 to 200 km 
altitude during several minutes of radio modification. However, the observed airglow intensities, 
except perhaps the 630.0 nm emission, did not apparently show this expected variation 
throughout each modification cycle. 
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Figure 31 clearly shows that the calculated airglow emission enhancements at all 
calculated wavelengths occur over a broad range of altitudes extending hundreds of kilometers 
from the source at 250 km altitude. This occurs in part because accelerated electrons can travel 
greater distances between collisions with the neutral atmosphere at higher altitudes. In the case 
of the 630.0 nm emission, collisional quenching of the O(1D) excited state is minimized at higher 
altitudes. In the case of the 427.8 nm emission, resonant scatter of sunlight by lifted and newly 
created N2

+ ions is still a significant contributing mechanism. Figure 32 shows that as the 
accelerated electron source was lowered to 200 km altitude, airglow enhancements were 
confined to a much narrower altitude region surrounding the source due to reduced travel 
distance of the accelerated electrons. The 630.0 nm emission decreased in total intensity because 
of increased quenching at lower altitudes and the 427.8 nm emission decreases in total intensity 
because increased collisions between the accelerated electron population and other constituent 
gasses immediate decrease the fraction of accelerated electrons with energies above the 
ionization threshold of N2 molecules. The 427.8 nm emission also decreased because of reduced 
resonant scatter of sunlight at higher altitudes. 

 

Figure 30. Calculated natural (dashed) and artificial (solid) 427.8 nm wavelength 
airglow volume emission rates. The artificial airglow emission is calculated for electron 
heating at 250 km altitude. 
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Finally, Figure 33 shows that calculated airglow emissions were sharply peaked at the 
150 km accelerated electron source region. The 557.7 nm emission was clearly the most intense, 
particularly over the 427.8 emission, due to the relatively low excitation energy of O(1S) atoms 
relative to the impact ionization threshold energy of N2 molecules. Accelerated electrons quickly 
lost energy through impacts with a greater number of neutral atmosphere constituents, so a 
greater fraction of accelerated electrons were available to excite the O(1S) atomic state than to 
ionize N2 molecules. The 630.0 nm emission was suppressed, as expected, due to significant 
quenching of the O(1D) excited state. However, this calculated significant decrease in 630.00 nm 
apparent intensity with time has not been reported, even during experiments when the HF-plasma 
interaction source is observed with radar to descend 10s of kilometers altitude. One possible 
explanation is that the HF-plasma interaction region has rich spatial structure extending 50 km or 
more along the geomagnetic field line. Pedersen et al. [2010] provides some evidence of this 
structure, reprinted in Figure 29.  

 

 

Figure 31. Calculated natural (dashed) and artificial (solid) airglow volume emission 
rates at (blue) 427.8 nm, (green) 557.7 nm, and (red) 630.0 nm wavelengths. The artificial 
airglow emission is calculated for electron acceleration to 20 eV energy with 5 nW/cm2 flux 
at 250 km altitude. 
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The electron density effects from two 20 eV electron acceleration sources with two 
different energy fluxes, 13.5 nW/cm2 at 200 km altitude and 36.8 nW/cm2 at 150 km altitude, 
were reconstructed as shown in Figure 28 to simulate and match the artificial layers shown in 
Figure 29 measured reprinted from Pedersen et al. [2010]. The resulting airglow column 
intensity enhancements were calculated to be 31 R at 427.8 nm, 1300 R at 557.7 nm, and 2700 R 
at 630.0 nm wavelengths. These enhancements are 220%, 870%, and 440% greater than the the 
background values, respectively. The absolute enhancements generally agreed well with the 
measurements reported by Pedersen et al. [2010] given the experimental uncertainties involved. 

 

 

Figure 32. Calculated natural (dashed) and artificial (solid) airglow volume emission 
rates at (blue) 427.8 nm, (green) 557.7 nm, and (red) 630.0 nm wavelengths. The artificial 
airglow emission is calculated for electron acceleration to 20 eV energy with 5 nW/cm2 flux 
at 200 km altitude. 
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Resulting calculated altitude-resolved airglow volume emission rates are shown in Figure 
34 and Figure 35 for the 20 eV 13.5 nW/cm2 flux source applied at 200 km altitude and for the 
20 eV 36.8 nW/cm2 flux source applied at 150 km altitude, respectively. The airglow volume 
emission rates were qualitatively consistent with the prior calculations, with greater emission 
rates corresponding to greater applied power fluxes, and higher altitude sources creating artificial 
airglow at a greater range in altitudes surrounding the source, as expected. In particular, these 
properties of the simulated bi-altitude electron acceleration source appear to be in good 
agreement with the side-view 557.7 nm airglow measured by Pedersen et al. [2010]. 
Unfortunately, few side-view measurements of radio-induced aurora have been made that would 
invite more substantial comparison of theoretical and observational results. 

 

 

Figure 33. Calculated natural (dashed) and artificial (solid) airglow volume emission 
rates at (blue) 427.8 nm, (green) 557.7 nm, and (red) 630.0 nm wavelengths. The artificial 
airglow emission is calculated for electron acceleration to 20 eV energy with 5 nW/cm2 flux 
at 150 km altitude. 
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Figure 34. Calculated natural (dashed) and artificial (solid) airglow volume emission 
rates at (blue) 427.8 nm, (green) 557.7 nm, and (red) 630.0 nm wavelengths. The artificial 
airglow emission was calculated for a 20 eV electron acceleration source with 13.5 nW/cm2 
flux applied at 200 km altitude. 
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Figure 35. Calculated natural (dashed) and artificial (solid) airglow volume emission 
rates at (blue) 427.8 nm, (green) 557.7 nm, and (red) 630.0 nm wavelengths. The artificial 
airglow emission is calculated for electron acceleration to 20 eV energy with 36.8 nW/cm2 
flux at 150 km altitude. The enhanced green line emission rate at 150 km altitude is 
approximately a factor of 107 larger than the background value at that altitude. 
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4.3 Discussion 

For a given fixed-altitude source of accelerated electrons placed between 150 and 250 km 
altitude it is clearly possible, either through an ad hoc inversion process such as the one used in 
this project or through a more mathematically rigorous inversion processes used by Hysell et al. 
[2012] and Hysell et al.[2014], to construct a continuous electron production energy distribution 
that results in airglow emissions that match observations reasonably well. However, when the 
spatiotmporal variation of the HF-plasma electron acceleration source is included in model 
calculations, it is much more difficult to reach agreement between model calculations and 
observations. None of the simulated ionosphere column airglow emission rates resulting from an 
artificial thermal electron heat source or suprathermal mono-energetic electron acceleration 
source accurately reproduced the measured apparent surface brightness of the corresponding 
artificial aurora created at HAARP, at least not at the source altitudes considered.  

The 20 eV suprathermal electron acceleration source was sufficient to generate arbitrary 
427.8 nm column emission rates when applied at any altitude under consideration simply by 
modifying the available energy flux. The resulting 557.7 and 630.0 nm column emission rates 
were significantly less than those measured and calculated by [Hysell et al., 2012] and [Hysell et 
al., 2014], but could in principle be accounted for by adding additional lower-energy 
suprathermal electron acceleration sources and a thermal electron heating source. Since resonant 
scatter of sunlight by N2

+ ions lifted above the shadow height by temperature-enhanced 
ambipolar diffusion can account for up to approximately 10 R of artificial 427.8 nm wavelength 
column emission rates (and in some cases almost 20 R), or about 50% of the greatest apparent 
surface brightness measured at that wavelength, a suprathermal electron production source that 
accelerates or produces approximately 1300 electrons per second per cubic centimeter with 20 
eV energy is sufficient to produce the additional airglow enhancements to bring agreement 
between the modeled column emission rate and the measured apparent surface brightness. 
Suprathermal electrons accelerated to lesser energies produced at a comparable but perhaps 
somewhat higher rate are also likely to produce the observed 557.7 nm emissions. Thermal 
electron heating alone is sufficient to produce all observed column emission rates of 630.0 nm 
wavelength emissions. 

Additional optical measurements from ground sites co-located with the HF transmitter can 
still potentially resolve ambiguities such as the relative importance of electron impact ionization 
of N2 molecules or resonant scatter of sunlight by N2

+ ions in artificial 427.8 nm wavelength 
emissions. For example, simultaneous measurements of the first negative 1-0 and Meinel 0-0 
emissions are expected to remain be in proportion from impact-ionization of N2 molecules since 
the respective cross-sections are not sensitive to electron energies greater than 20 eV [Remick et 
al., 2001]. If the relative intensities of both bands remain constant before and during radio-
enhanced airglow, then this provides strong evidence consistent with impact-ionization of N2 
molecules by HF-accelerated electrons. If the relative intensities of both bands vary from their 
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background values during radio modification, then mechanisms other than electron impact 
ionization must be considered.  

Given the history of ionosphere radio modification research, it is likely that additional 
unexpected results or discoveries will result from further attempts to resolve the issues addressed 
in this report. At a minimum, without measurements made in situ with sounding rockets or low-
altitude satellites, altitude-resolved side-view optical measurements of artificial airglow 
emissions combined with full ISR measurements of electron density and temperature are needed 
to clarify the role of HF-accelerated electrons in generating artificial aurora. As made evident in 
section 4.2, altitude-resolved measurements of artificial airglow, plasma density, and plasma 
temperature provide key information regarding the relevant mechanisms involved. However, it is 
also clear that the complex spatiotemporal structure of artificial airglow emissions observed 
during recent experiments cannot be reproduced by current theory or models.  

There are several very significant uncertainties and inconsistencies that make these results, 
and the results of all prior efforts to estimate energy distributions of ionosphere electrons 
accelerated by the interaction of powerful HF electromagnetic waves and the ionosphere plasma, 
considerably speculative and should not be used to reject alternate hypotheses that do not rely on 
HF-electron heating or acceleration. Particular observations where theory and measurements do 
not agree: temporal variation in airglow intensity and emission altitude. For example, calculated 
green line intensities increase with decreasing altitude while red line intensities decrease with 
decreasing altitude, yet neither of these effects are evident even in reported experiments where 
the HF-plasma interaction source (as indicated by ion- and plasma-line radar measurements) was 
seen with radar to descend by 50 km or more. Finally, recent experiments have shown 
unexpected sensitivity of the interaction region descent to small variations of pump frequency to 
the electron gyroharmonics [Watkins et al., 2013; 2014a; b]. Not only is this phenomenon poorly 
understood, but no theory can currently account for the asymmetric effects observed from using 
pump frequencies slightly above versus slightly below each gyroharmonic. Comparable 
experiments testing the sensitivity of artificial airglow intensity to comparable variations in 
pump frequency have not yet been performed.       
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5.0 CONCLUSIONS 

The following conclusions resulted from this research: 

 Artificial airglow and plasma density enhancements reported by Pedersen et al. [2010] 
can be adequately explained by a dual-layer source of 20 eV accelerated electrons applied 
at 150 km and 200 km altitudes. The sources were each assumed to have thickness of 4 
km. 

o The corresponding power fluxes were calculated to be 36.8 nW/cm2 at 150 km 
and 13.5 nW/cm2 at 200 km altitude.  

o The corresponding accelerated 20 eV electron volume production rates were 
19,000 cm-3 s-1 at 150 km and 7000 cm-3 s-1 at 200 km altitude.  

o Estimating accelerated electron energy distributions with additional precision is 
probably not appropriate at this time given experimental uncertainties and 
observed HF-plasma dynamics that are beyond modeling and observational assets 
that have been used to date for ionosphere radio modification experiments. 

 Artificial heating of thermal electrons can cause significant enhancements of the 427.8 
nm emission which has previously been assumed to result solely from impact-ionization 
of N2 molecules by HF-accelerated electrons with energy greater than 20 eV. 

o The responsible mechanism is enhanced resonant scatter of sunlight by N2
+ ions 

lifted above the shadow height through electron temperature-enhanced ambipolar 
diffusion. 

o The greatest effect was predicted to be achieved at twilight while O-mode HF 
pumping at a frequency near foF2. 

o Resonant scatter of sunlight can potentially account for up to 50% of previously 
reported artificial 427.8 nm emission intensity. 

 Current theories describing ionosphere modification by HF electron heating and 
acceleration are not adequate to describe the spatiotemporal evolution of artificial airglow 
sources. 

o No current model explains the significant asymmetric sensitivity of the airglow 
and HF-enhanced ion and plasma line source descent altitudes to minor variations 
of the pump frequency above or below electron gyro-resonance frequencies. 

o Variations of artificial airglow intensity at 427.8, 537.7, and 630.0 nm 
wavelengths with artificial airglow source altitude variations, predicted with 
standard model calculations of artificial electron heating or electron acceleration 
effects, do not agree well with measurements. 

o Reports of artificial airglow describe both artificial airglow that is localized 
within approximately 10 km of the source regions and airglow that extends 
hundreds of kilometers along the geomagnetic field from the source region but 
current theories cannot explain why one structure occurs rather than the other for 
any particular experiment.   
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