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This paper presents the first direct observations of HF focusing induced by natural and artificial

ionospheric ducts along with a simple theoretical model. The experiments were conducted by injecting

HF radio-waves using the Ionospheric Research Instrument of the High Frequency Active Auroral

Research Program located in Gakona, Alaska and detecting them with instruments on the overflying

French micro-satellite DEMETER. The latter observed a multiple frequency band structure, which is

characteristic of a strong HF signal exceeding the detector’s saturation level. Analysis of the Oþ density

measured by DEMETER along its orbit shows that the strong radio signal coincides with the presence of

a ‘‘negative’’ duct in the ionosphere. ‘‘Negative’’ refers to the presence of a plasma density depletion

with the peak depletion located near the center of the duct. Such ducts induce changes in the index of

refraction leading to the focusing of HF waves in a manner equivalent to a ‘‘thick’’ plasma lens.

Examination of the data along with a simple plasma lens model indicates the presence of focal

node(s) in the vicinity of the overflying satellite. Two examples, one corresponding to focusing by a

natural duct and one by an artificial one are presented.

Published by Elsevier Ltd.
1. Introduction

The possibility of focusing HF radio-waves in the ionosphere
by natural or artificial plasma lenses has been the subject of
theoretical studies and speculation starting more than 40 years
ago (Bliokh and Bryukovetskiy, 1969; Gurevich et al., 1976). In
addition, more recently Kosch et al. (2007) explained their optical
observations by modeling HF radio beam self-focusing due to
formation of a ‘‘depleted plasma filament’’, while Leyser and
Nordblad (2009) numerically simulated HF focusing of the
O-mode wave with regard to heating experiments at HAARP. In
the case of Gurevich et al. (1976), theoretical models indicated
that changes in the index of refraction of the ionospheric plasma
driven by HF-heating can form thin (a few tens of km) plasma
lenses that can focus the radio-waves to satellite altitudes. The
analysis indicated that the focal length of such ‘‘thin’’ lenses was
two or more thousand km above the heating region, thus making
their experimental detection difficult. In fact there has yet to be
an experimental confirmation of the process.

Similar focusing can be accomplished by ‘‘negative’’ iono-
spheric ducts. By negative ducts we refer to plasma density
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depletion elongated along the geomagnetic field lines. The natural
negative ducts are often known as troughs. Such ducts can be
either natural or artificially created by the HF-heating effect.
Ducts can have plasma density gradients sufficient to cause
refraction of HF waves. Since ‘‘negative’’ ducts are elongated field
aligned regions of plasma depletion, HF waves propagating into a
negative duct experience a positive change of the refractive index,
thus focusing the waves towards the center of the duct. This is
illustrated by Fig. 1, which shows a schematic of HF focusing by
ionospheric ducts. Outside the lens the focused beam propagates
inside the duct, reflects from the duct’s walls, and as a result
produces focal nodes. Ionospheric ducts are much thicker than
the ‘‘thin’’ lens mentioned earlier, and can thus be considered as
‘‘thick’’ plasma lenses. In this paper we present the first experi-
mental evidence of ionospheric HF focusing by a ‘‘thick’’ plasma
lens along with a simple model of this process.

The experiments discussed below were conducted by injecting
HF radio-waves using the Ionospheric Research Instrument (IRI)
of the High Frequency Active Auroral Research Program (HAARP)
located in Gakona, Alaska and detected by instruments on the
overflying French micro-satellite DEMETER.
2. Experimental observations

DEMETER flies on a 670 km circular polar orbit and overflies
HAARP twice a day, once at nighttime between 6:00 and 7:00 UT,
and another at daytime between 20:00 and 21:00 UT. Its onboard
waves by ionospheric ducts. Journal of Atmospheric and Solar-
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Fig. 1. Schematic of HF wave focusing by ionospheric ducts. Areas of darker or lighter colors represent higher or lower plasma density, respectively. The wavy lines show

the path of radio rays after they enter the lens/duct system and also demonstrate the formation of multiple ‘‘nodes’’. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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diagnostic instruments are often used to detect effects driven by
the interaction of HF waves injected by the IRI with the iono-
spheric plasma. Optimum time for diagnosing such experiments
is when the satellite flies in close proximity to HAARP, i.e.
distances closer than 100 km from the HAARP magnetic zenith.
Such coincidences occur approximately four times a week (twice
at daytime and twice at nighttime).

A set of experiments, in which the HAARP IRI operating at
power 3.6 MW and 84.1 dBW ERP injected O-mode radio-waves
at a frequency of 2.8 MHz along the HAARP magnetic zenith (MZ),
were monitored by DEMETER overflying close to the HAARP MZ.
MZ heating and 2.8 MHz frequency were chosen to closely match
the foF2 peak, because previous experiments indicated that they
maximize the probability for duct formation. Two DEMETER
diagnostic instruments were used for this particular experiment.
The first instrument was the ICE (Electric Field Instrument), which
monitors HF signals in the frequency range from a few kHz to
3.3 MHz (Berthelier et al., 2006a). The second instrument was the
IAP (Plasma Analyzer Instrument), which measures the ion
temperature and composition (Berthelier et al., 2006b). Our
particular experiment focused on density measurements of Oþ

ions – the most abundant ions in the F-region. In addition, the
local ionospheric conditions were monitored by the HAARP
ionosonde.

The HF spectrogram observed by the ICE on 02/12/10 at
6:29–6:33 UT is shown at the bottom of Fig. 2. In this experiment
the closest distance of DEMETER from the MZ was 38 km. The
observed spectral ‘‘line’’ at 2.8 MHz that extends between 40.31
and 651 latitude – over 2800 km – is generated by radio emission
stimulated by the interaction of the injected HF with the F-region
plasma, rather than by the direct ‘‘free space’’ IRI signal. We will
return to this point later in the paper. We should mention here
that the maximum detection frequency of ICE is 3.3 MHz. This
restriction prevents detection of daytime duct effects since
frequencies above 4 MHz are required to match the daytime
foF2 peak.

We now focus our attention on the strong multiple-frequency
band structure observed between 6:30:40 and 6:30:50 UT. Such a
structure is indicative of the ICE receiving a strong HF signal
exceeding its saturation level, which at 2.8 MHz is approximately
10 mV/m. Analysis of the Oþ density measured by DEMETER
along its orbit (see the top of Fig. 2) shows that the strong signal
detected by ICE almost coincides with the presence of a ‘‘nega-
tive’’ duct in the ionosphere. Plasma quasi-neutrality in the
ionosphere requires that the electron density exhibit a similar
profile. It is well known that depletion in electron density leads to
positive perturbations in the index of refraction. Thus incident HF
waves propagating into this plasma channel with an inverted
density profile will be focused towards the center of the duct.

Fig. 3 shows another example of duct focusing observed on
10/21/09. DEMETER’s closest approach to HAARP’s MZ was 27 km.
Please cite this article as: Milikh, G.M., et al., Focusing of HF radio-
Terrestrial Physics (2011), doi:10.1016/j.jastp.2011.02.022
The ionosphere was quiet with the F2 layer peak at 220 km and
foF2¼2.05 MHz. An important difference between this case and
the previous one involves the issue of natural vs. artificial ducts
and will be addressed in Section 4. The ICE HF spectrogram in
Fig. 3 (bottom) shows a band at about 06:28:15 in the entire
frequency range of the instrument. Fig. 3 (top) shows the Oþ

density measured by DEMETER during this experiment. This is
also indicative of the presence of a negative duct, although not as
distinct as in the 02/12/10 experiment.
3. Theoretical model

A simple theoretical model can be formulated by considering a
plane wave with (angular) frequency o propagating along the
field aligned density depletion shown in Fig. 1. The index of

refraction at F-region heights is Z¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�o2

pe=o2
q

, where

ope ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2=e0m

p
is the electron plasma frequency, and n is the

electron density. In the presence of the density duct the index of
refraction is perturbed due to the change in the electron density.

Assuming a density perturbation Dn with Dn/n51 the perturbed

index of refraction DZ can be expressed as

DZ¼ @Z
@n

Dn¼�
1

2

o2
pe=o2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�o2
pe=o2

q Dnðz,rÞ
nðzÞ

: ð1Þ

Here nðzÞ is the ambient electron density. Following Gurevich
et al. (1976), the electric field at distance z1 from the lower
boundary of a duct and radius r is given by

E¼ Aeico
o

2pic

Z
exp iDjðz1,rÞþ iðo=cÞr

� �
r

rdr: ð2Þ

Here A is the amplitude of the wave at the lower boundary of the

duct and r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2

1þr2
q

. The perturbed phase of the wave at a

distance z1 along the duct is given by

Dj¼ o
c

Z z1

o
DZdz: ð3Þ

In the absence of the phase perturbation Dj¼0 and 9E9¼A.
Expanding Dj in powers of r2

Dj¼Dj0þr
2Dj1þr

4Dj2þ . . .

and taking into account that r/z1{1 i.e. that the duct has a
limited transverse size, we find that

r¼ z1 1þ
r2

2z2
1

þ � � �

 !
:

Focusing occurs when the phase in the exponent of Eq. (2)
approaches zero (Gurevich et al., 1976). Thus, to second order
waves by ionospheric ducts. Journal of Atmospheric and Solar-
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Fig. 2. Shown on the top is the density of positive ions of atomic oxygen observed by the IAP instrument onboard DEMETER made on 02/12/10. Shown on the bottom is the

high frequency electric field power spectrum observed by the ICE instrument onboard DEMETER made on 02/12/10. The horizontal trace at 2.8 MHz corresponds to the

frequency radiated by IRI. The x-axes show the time of the observations, along with the corresponding satellite latitude, longitude and L-shell. The arrow points to the

minimum of the relevant negative duct.

Fig. 3. Same as Fig. 2 but observed on 10/21/09.
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in r/z1, the focal distance zf satisfies the equation

Dj1þ
o

2zf c
¼

o
2c

Z zf

o

o2
pe=o2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�o2
pe=o2

q 1

n

@Dn

@r2
dz�

o
2c

1

zf
¼ 0: ð4Þ

Solving Eq. (4) for zf we find that

zf ¼

Z zf

o

o2
pe=o2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�o2
pe=o2

q 1

n

@Dn

@r2
dz

8><
>:

9>=
>;
�1

: ð5Þ

From this point forward we will take the above expression and
evaluate it using certain assumptions that are tailored to each of our
described experiments. We first focus our attention to the experi-
ment performed on 2/12/2010 and assume for simplicity that the
duct obeys cylindrical symmetry about the magnetic field, i.e.

r0¼constant. In addition we note that the combination of o2
pe=o2

and 1/n is a constant, and assume that the electron density above

the F2 peak can be modeled as a decaying exponential: o2
pe=o0

2 ¼

n=n0 ¼ expð�z=HÞ, where o0 and n0 are the plasma frequency and
density at the F2 peak, respectively, and H is to be chosen in such a
way that nðzSATÞ gives the ambient electron density measured by the
DEMETER satellite. After these simplifications Eq. (5) becomes

1

zf
¼
o2

0

o2

1

r0
2

Z zf

o

DnðzÞ

n0

dzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ðo2

0=o2Þe�z=H
q : ð6Þ

The functional form of Dn remains to be specified, and to do so
we use EISCAT observations of a quiet-time ionospheric trough
(Voiculescu et al., 2010). In this paper the electron density of an
ionospheric trough was measured at EISCAT at different altitudes,
and it was shown that the density depletion (Dn) decreases with
altitude. Assuming that the decrease is exponential, the functional
form of Dn becomes Dn¼Dn0 expð�aðz=HÞÞ, where Dn0 ¼DnSAT

expðaðzSAT=HÞÞ is the density depletion measured at the F2 peak,
DnSAT is measured by the DEMETER satellite, and a is the decay
constant to be quoted later. Finally we introduce normalized
coordinates ~zf ¼ zf=H and x¼ z=H and thus Eq. (6) becomes

1
~zf
¼
o2

0

o2

H2

r0
2

Dn0

n0

Z ~z f

o

e�axdxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ðo2

0=o2Þe�x
q : ð7Þ

This equation can be readily solved numerically as soon as the
experiment and duct parameters are specified.

We now shift our attention to the focusing observations made
on 10/21/2009. This case differs from the previous case since in
this case the duct was of artificial origin, which was caused by the
plasma outflow moving along the geomagnetic field line from the
HF-heated region located near the F2 peak of the ionosphere
(Milikh et al., 2010). Such plasma is magnetized is contained
within the duct of almost constant radius and density perturba-
tion (r0¼constant and Dn¼Dn0¼constant). Moreover the term in
the denominator in Eq. (7) deviates from unity by less than 10%
for this specific case, and thus can be safely replaced by unity.
After these assumptions the expression for the focal length
becomes

1
~zf
¼
o2

0

o2

H2

r0
2

Dn0

n0

Z ~z f

o
dx,

or solving for the focal length we get

zf ¼ r0

o
o0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0

DnðzSATÞ

r
: ð8Þ
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From Eq. (2) the amplification of the electric field amplitude
caused by focusing is given by

E

A

����
����¼ o

2pc

r2
0

zf
, ð9Þ

and it is valid for either of the experiments.
Note that Eqs. (6) and (8) are similar to focusing and magni-

fication by optical lenses. The focal distance is proportional to the
lens aperture and inversely proportional to the optical density of
the lens material. The lens material (refractive index) and fre-
quency control the magnification coefficient.
4. Analysis of experimental observations

We proceed here to use the observations in conjunction with
the theoretical model to examine three key physics issues:
consistency of expected focal length and magnification with
observations, evidence for natural or artificial origin of ducts,
and implications of the 10–20 kHz broadening of the observed
2.8 MHz signal.

4.1. Focal length and magnification – theory vs. observations

Referring first to the 02/12/2010 experiment we note that
according to Fig. 2, at DEMETER’s altitude the horizontal size of
the duct is about 170 km, i.e. r0¼85715 km (see Appendix for
details on uncertainty), the relative depletion of the plasma
density inside the duct is DnSAT¼10007150 cm�3, while the
unperturbed density immediately south of the duct is about
n(zSAT)¼2950750 cm�3. The value of zSAT is simply 670–300¼
370 km, while H was found to be about 110 km, and the F2 peak
density n0 can be computed using the value of o0 ¼ 2pð2:55MHzÞ
from HAARP’s ionosonde. Notice that the above value of the
characteristic plasma density scale (H¼110 km) is in good agree-
ment with the IRI ionospheric model’s value of 100 km (Bilitza
et al., 2001).

Based on the density data in Voiculescu et al. (2010), the decay
constant was estimated to be a¼ .67 .1 (see Appendix). On the
basis of these estimates, corresponding uncertainty ranges, and
Eq. (7) we can estimate the focal length of the focusing duct as
about 430775 km. Thus the duct whose lower boundary is
located around the F2 peak at 300 km provides optimal focusing
at about 730775 km. From Eq. (9) we find that a wave having
frequency f¼2.8 MHz is magnified by 150745 times at the focal
point. We can estimate the magnification at DEMETER’s altitude
by assuming the focused beam has a conical shape, thereby
decreasing the magnification by a factor ððzf�dÞ=zf Þ

2, where d is
the distance between the focal point and DEMETER’s orbit. The
result is a magnification of about 110750 at DEMETER’s altitude.
Our estimates show that during its pass on 02/12/10, DEMETER
was located within the focal point uncertainty range of the ‘‘lens’’
formed by the negative duct in the ionosphere. Therefore its
antenna received a strongly amplified signal. Furthermore, con-
sidering that the power density detected by ICE outside of the
duct was 25 (mV/m)2/Hz, and considering that the half bandwidth
of the signal is about 12 kHz (which will be discussed below), we
find that the strongest signal outside of the perturbed region was
about 0.5 mV/m. Since calibration tests prior to the flight gave
a 10 mV/m saturation level at 2.8 MHz, the observations of
Fig. 2 require a focusing of at least by 20, which is within the
uncertainty range of the magnification and is thus consistent with
the observations.

Referring next to the 10/21/09 case we note that the top of
Fig. 3 shows the clear detection of an artificial duct, which was
detected by DEMETER’s plasma analyzer instrument (IAP) and
waves by ionospheric ducts. Journal of Atmospheric and Solar-
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Fig. 4. Power density of the signals detected by DEMETER as a function of

frequency. Traces 1 and 2 correspond to the measurements made at 6:31:16

and 6:30:52, respectively.
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Langmuir probe (ISL), where the latter measures the electron
temperature and density. While only observations from the IAP
are shown in Fig. 3, both instruments reveal simultaneous
increase of the ion and electron density and temperature when
overflying the MZ of HAARP. This infallibly shows formation of
the artificial duct; see also the discussion in Section 4.2.

Moreover, at 06:28:10 the bottom of Fig. 3 shows a strong
band in the spectrogram, which coincides with a local negative
duct (marked by an arrow) having peak density depletion of
Dn¼150720 cm�3 and radius r0¼1773 km (see Appendix for
details of uncertainties). Following Eq. (8) the focal length of the
focusing duct is about 430 km from the F2 peak, producing
6.572.5 times magnification at the focal point of this lens (see
Eq. (9) with f¼2.8 MHz). We can estimate the magnification at
DEMETER’s altitude by our previous method of assuming a conical
shape for the focused beam. The result is a magnification of about
572 at DEMETER’s altitude.

At this point we should mention that a duct is a much more
efficient focusing lens than a thin perturbed layer proposed in
(Bliokh and Bryukovetskiy, 1969; Gurevich et al., 1976) since
according to Eq. (6) above the focusing distance for a thin lens is
zf C ðo2

0=o2ÞðDz=r2
0ÞðDn=n0Þ

� ��1
. Thus for typical parameters of

the HF-heated region in the ionosphere Dz¼10 km, Dn/nr0.1,
r0450 km the focusing distance zf42500 km. Such focusing can
hardly be detected by a lower orbit satellite.

4.2. Natural vs. artificial ducts

A key question raised by the data is whether the focusing is
due to a preexisting natural duct or due to a duct created by the
HF heating. In answering this question we are guided by the two
instruments on board DEMETER and by the HAARP digisonde,
which operates on two different modes. The first mode produces
regular ionograms while the second mode produces Doppler sky
maps by measuring a number of directional ionograms caused by
plasma irregularities.

Our previous experience indicates that formation of artificial
ducts is associated with upward ion flow in the vicinity of the MZ.
As a result Doppler sky maps show a cluster of reflections formed
around the magnetic zenith with negative Doppler (Milikh et al.,
2010). During the 02/12/10 experiment while the sky maps
did not show any such negative Doppler shifts near the MZ
they indicated the presence of a large number of irregularities,
moving towards North West with average velocity 763744 m/s
and upward with the velocity 6771 m/s. This is consistent with
natural duct formation.

On the other hand during the 10/21/09 experiment the
ionosonde showed a regular F2 peak well matched to the heating
frequency, as well as absence of sporadic E-layer, conditions
resulting in efficient HF-heating. Unfortunately sky maps were
not available during this experiment. Both instruments on board
DEMETER showed a distinct positive duct which indicates its
artificial origin. This duct had a fine structure. In fact, the arrow in
Fig. 3 shows a negative duct located on top of the artificial
positive duct. We thus surmise that this focusing was caused by
an artificial duct.

4.3. Significance of HF line broadening

In examining the 2.8 MHz spectral region observed in both
experiments (Figs. 2 and 3) we note that while the IRI signal was
of high purity (bandwidth of few Hz) the signal observed over the
entire 2800 km region shows a half-width of 12 kHz at a 3 dB
level when measured away from the strongly perturbed region
(trace 1 in Fig. 4). In the perturbed region the signal is much
broader, its half-width reaches 35 kHz (trace 2 in Fig. 4). We
Please cite this article as: Milikh, G.M., et al., Focusing of HF radio-
Terrestrial Physics (2011), doi:10.1016/j.jastp.2011.02.022
believe that this is evidence that the HF emission detected by
DEMETER does not represent a direct signal sent by the IRI but
corresponds to Stimulated Electromagnetic Emission (SEE) gen-
erated by the HF-heating induced turbulence. It is also worth
noting that even if the discussed effect was caused by the
interaction of the direct IRI beam with the satellite, the interactive
region will be 250 km. Thus the interaction time will be 33 s,
more than twice the observed time seen in the experiment made
on 02/12/10. Moreover, previous experiments have been con-
ducted during times when the ionosphere was highly perturbed.
In these cases the IRI beam would propagate presumably with
little absorption and hit DEMETER’s antenna and create a multi-
frequency band structure as before, and yet not once was such an
effect observed during experiments we have conducted in the
past few years.

SEE has often been detected on the ground below the heated spot
and has been the subject of numerous theoretical and experimental
studies (Thidé et al., 1983; Stubbe and Kopka, 1990; Stubbe et al.,
1994; Norin et al., 2009). The peak amplitude Ed detected by
DEMETER was much weaker than the free space fields Efs. In fact,
the Ed/Efs ratio was in the range of (0.5–4.6)�10�2. Note that the HF
signals were detected by DEMETER over a long time 1.4–5.5 min, i.e.
along 580–2100 km of the DEMETER orbit. This corresponds to a
uniformly radiating source located in the F-region, while the well
directed HAARP antenna limits the receiving distance to 300–400 km
along the orbit. In the future we plan to make observations of SEE
from the ground while simultaneously making observations from the
above using DEMETER’s ICE and IAP. We expect that comparison of
the ground vs. space measured spectra can yield important informa-
tion on heater induced turbulence.
5. Conclusion

This paper presented what we believe to be the first direct
observations of HF focusing induced by natural and artificial
ionospheric ducts along with a simple theoretical model. The
experiments were conducted by injecting HF radio-waves using
the Ionospheric Research Instrument of the High Frequency
Active Auroral Research Program located in Gakona, Alaska and
detecting them with instruments on the overflying French micro-
satellite DEMETER. Two specific experiments were presented,
where observations using DEMETER’s ICE instrument showed
the presence of multiple frequency band structures that are
waves by ionospheric ducts. Journal of Atmospheric and Solar-
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characteristic of a strong HF signal exceeding the detector’s
saturation level. It was also noted that the strong radio signal
coincided with the presence of a ‘‘negative’’ duct in the iono-
sphere. A simple theoretical model was presented which showed
that the presence of a negative duct can lead to focusing at
satellite altitudes with enough magnification to cause instrument
saturation, thus showing consistency with our observations. The
observation of the HF signal over a range of more than 1000 km
with a bandwidth of 10–20 kHz is evidence of detection of SEE
waves rather than direct HF IRI radiation. The reported phenom-
enon can be used in HF communications, and in diagnostics of the
upper ionosphere.
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Appendix A

A.1. Estimation of duct width and density depletion uncertainties

In order to estimate the duct properties and corresponding
uncertainties, a systematic method for fitting an appropriate
function to the duct was needed; the following describes this
systematic method. For the 2/12/10 observation, the ion density
data points that comprise the negative duct were isolated, and
MATLAB’s curve fitting toolbox (cftool) was used to fit a parabola
of the form ax^2þbxþc. An appropriate cutoff for the parabola was
then chosen for the estimation of the width and density depletion
of the duct. That cutoff was chosen to be the ambient ion density
immediately south of the duct (solid black line in Fig. A1) while
the corresponding uncertainty was estimated by observing the
density fluctuations immediately south of the duct (dashed black
lines in Fig. A1). The cftool gave the best values for a, b, c and their
corresponding 90% confidence bounds, which along with the
Fig. A1. Parabola fitting of negative duct observed on 2/12/10. The solid red

parabolic curve attempts to hug the points of the negative duct; the dashed

parabolas illustrate the confidence bounds on the fit. Analogously the ambient

density and uncertainty range can be seen in black. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)
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ambient density of 2950750 cm�3 were used to estimate the
duct radius r0¼85715 km, and density depletion DnSAT¼

10007150 cm�3. Fig. A1 shows the resulting duct fitting and
corresponding uncertainty bounds, with analogous solid and
dashed lines for the former and latter.

For the 10/21/2009 observation a slightly different approach
had to be taken since the duct we wish to fit has only three data
points that comprise it. A parabola fitting of only those three
points would obviously give no confidence bounds. Instead, two
parabola fittings were performed, and the range of duct para-
meters from these two fits were used to define an uncertainty
(dashed red lines in Fig. A2). An intermediate fit representing the
‘‘actual’’ fit (solid red line in Fig. A2) was constructed by averaging
the fitting parameters from the first two parabola fits. Similar to
before, a cutoff for the parabola was chosen by averaging the
points surrounding the negative duct (solid black line in Fig. A2),
while the corresponding uncertainty was estimated from the
standard deviation (dashed lines in Fig. A2), resulting in an
‘‘ambient’’ density of 1650750 cm�3. The parabola fitting gave
a peak density depletion of Dn¼150720 cm�3 and duct radius
r0¼1773 km.
A.2. Uncertainty in the a parameter

The estimation of the a parameter is achieved through the use
of EISCAT observations of a quiet-time ionospheric trough from
Voiculescu et al. (2010). On page 17 of the paper, ionospheric
trough density curves can be seen for altitudes 264, 306, 345, and
435 km. Recalling that we need the density depletion dependence
on altitude above the F2 peak and noting that 306 km is almost
exactly at the F2 peak, we see that only the data points for the
three higher altitudes will be relevant. In fact, the middle of those
three can be disregarded for the sake of simplicity since in
that case the calculation of a simply amounts to solving
Dn=Dn0 ¼ expð�aðDz=110ÞÞ, where Dn0 and Dn are the density
depletions at altitudes 306 and 435 km, respectively, while
Dz¼435–306E130 km. Moreover, the EISCAT paper provides
density observations for four different hours and thus a can be
estimated four times. An estimate of a for the four different times
in chronological order is .55, .4, .6, and .8. The average of the four
estimates gives aE .6 and was the value of a quoted earlier.
The uncertainty is found using a standard result from error
Fig. A2. Same as Fig. A1, except for the observations made on 10/21/09. (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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propagation theory, namely that savg¼s/sqrt(N), where N is the
number of points used (4). The final result for a is .67 .1.
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