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Abstract. The Cascade Demonstrator Small-Sat and lono-the average electron density content in the ionosphere or pro-
spheric Polar Explorer (CASSIOPE) satellite is scheduled tovide a measure of relative absorption in the D- and E-regions
be launched in 2010. On board this satellite will be a suitewhen the satellite passes through the field-of-view of a Su-
of eight scientific instruments comprising the enhanced PolaperDARN radar.
Outflow Probe (ePOP). One instrument is the Radio Receive[<e words. Radio science (Radio wave tion® Instru-
Instrument (RRI) which will be used to receive HF trans- Y ! . propagation; Instru
- : . ments and techniques)
missions from various ground transmitters such as the Super
Dual Auroral Radar Network (SuperDARN) array. Magne-
toionic polarization and propagation theory have been used
to model the relative power that SuperDARN delivers to the1 |ntroduction
Ordinary (O) and Extraordinary (X) modes of propagation.
These calculations have been performed for various frequenthe Canadian designed and built Cascade Demonstrator
cies in the SuperDARN transmitting band and for all five Small-Sat and lonospheric Polar Explorer (CASSIOPE)
Canadian based SuperDARN radars. The geometry of themall satellite will be launched in 2010 (Yau et al., 2006).
radars with respect to the background magnetic field resultshe satellite bus will consist of two payloads, a commercial
in the X-mode dominating the transmitted signal when thedata storage and forward system called Cascade and a scien-
modelled wave propagates northward and is nearly perpenific group of instruments called the enhanced Polar Outflow
dicular to the magnetic field lines. Other propagation direc-pProbe (ePOP). ePOP will consist of various particle detec-
tions (i.e., above or southwards of the radar) results in proptors, active and passive radio experiments, an auroral imager,
agation which is anti-parallel to the magnetic field lines anda magnetic field detector, and a GPS system. The scientific
an equal splitting of transmitted power between the O- andgoals of ePOP are to study outflows of particles from the
X-modes occurs. The modelling analysis shows that for ei-polar regions, radio wave propagation, and ionospheric to-
ther high transmitting frequencies or low ionospheric elec-mography (Yau et al., 2006). Some radio experiments will
tron densities, the range of latitudes that signal will be re-yse the Radio Receiver Instrument (RRI) on ePOP (James,
ceived is quite large (up to90° of latitude). Also for these 2003, 2006; James and Lunscher, 2006; James et al., 2006).
conditions, the range of elevations where the X-mode signafrhe RRI is a radio receiver that is fed by four 3-m dipole
strongly dominates the O-mode signal will be apparent in theantennas. Each antenna can operate as a separate monopole,
received signal. Conversely, for lower transmitting frequen-or in pairs as two crossed (perpendicular) 6-m dipoles. The
cies or higher ionospheric electron densities, the latitudinalRR| will measure electric fields between 10 Hz and 18 MHz.
range that signal will be received over is smaller. Here theone RRI experiment to be undertaken will include various
X-mode-only band is not apparent in the received signal aground-based HF transmitters such as the Super Dual Auro-
both modes will be received with roughly equal power. Theseral Radar Network (SuperDARN) radars (Greenwald et al.,
relative mode power calculations can be used to characterizeg9s), which will transmit HF waves to be detected by the
RRI as ePOP orbits overhead.
One objective of the SuperDARN-RRI experiment is the

Correspondence tdR. G. Gillies detection of various ionospheric structures through interpre-
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Fig. 1. The coordinate system and a general polarization ellipse._ o ]
The orientation angle is represented oy a represents the semi- F19- 2. The two magnetoionic modes predicted by Budden (1961)

major axis,b represents the semi-minor axis, ads the aspect ~ Which exist from the decomposition of the wave in Fig. The
angle. The propagation direction of the walvis in thez-direction propagation direction of the modésis in the z-direction and the

and the polarization of interest is in the x-y-plane. polarization of interest is in the x-y-plane.

electron density of the ionosphere is often perturbed by en-
hancements and depletions ranging in scale sizes from seyz Determination of relative mode power
eral meters to several hundred kilometers. Various mod-
elling efforts have been undertaken to determine the effect off Nis section has two objectives; namely, to define a general
these structures on the received signal. For example, Wan§lliptical polarization state of a propagating magnetoionic
et al. (2003) studied the signature of ionospheric structuredvave (Fig.1) at any point in the ionosphere using notation
on the received power, signal delay, and direction of arrival.given by Budden (1961) and then to resolve this general po-
Thorough studies of data and modelling from a previous HFlarization state into the two allowed magnetoionic propaga-
transionospheric experiment performed by the ISIS Il satel-ion modes at that ionospheric location (Fy. This decom-
lite have also been performed by James (2006), James Hosition will provide an expression for the amount of power
al. (2006), Gillies (2006), and Gillies et al. (2007). In these that is injected into the X-mode relative to the O-mode, given
studies, the experimentally measured Faraday rotation an@n initial polarization state. This calculation is of use for
differential signal delay of radio waves was compared to thethe upcoming RRI experiment, as the RRI on ePOP will,
same parameters as determined by computational models. at times, receive pulses from the two modes separately (the
In the present paper, the polarization state of the Superf€ceived pulses may overlap or be completely separate de-
DARN radars is examined and more specifically the relativePending on factors such as: the pulse length, the transmitted
amount of transmitted power that will be distributed betweenfrequency, and the ionospheric electron density).
each of the two magnetoionic modes of propagation is mod- The coordinate system used for this derivation is described
elled. The relative power of each mode received by the RRIbY Budden (1961) and illustrated in Fi@. In this system,
was thoroughly investigated for various transmitter frequen-the z-axis is oriented parallel to the wave propagation vector
cies and ionospheric electron density profiles. This knowl-(k). The x-axis is determined because the external magnetic
edge of the relative power of the two propagation modes willfield is taken to be in the x-z-plane at an angl¢o the z-
greatly assist in interpretion of the RRI instrument observa-axis. The y-axis follows from the definitions for the x- and z-
tions. This research is also of interest for general Superaxes. In this geometry, Budden (1961) has shown that, when
DARN science as it details the propagation environment. Thecollisions are negligible, the two magnetoionic propagation
Doppler velocity that SuperDARN detects is directly related modes are orthogonal elliptical polarization states in the x-y
to the index of refraction at the scattering location (Gillies et plane and have principal axes along thendy directions as
al., 2009). Since the two modes of propagation have differenttlemonstrated in Fig.
indices of refraction, knowledge of which mode is involved A three-dimensional rotation is performed to transform the
in the scattering process is of significance when interprethorizontally polarized SuperDARN wave in a local radar co-
ing line-of-sight velocity values derived from coherent Su- ordinate system into the Budden (1961) axes. This rotation
perDARN scatter. allows the wave polarization state to be completely described
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in this axis system and determines the value for the orientato Eq. @), the absolute value q¢f for the O-mode is always
tion angleyr so that decomposition of the wave into the two less than one and the absolute valug dbr the X-mode is
allowed propagation modes can be performed. always greater than one. Both values foare purely imag-

The polarization ellipse of the wave in the principal axis inary, indicating that the electric field oscillations along the
frame has major and minor axes given dwndb, respec-  x- and y-axes are 9ut of phase for either mode.

tively. In the principal axis frame (see Fig@), this initial When a radar wave is propagating nearly (or exactly) par-
polarization state (i.e., the polarization leaving the radar an-allel or anti-parallel to the magnetic field lines (the aspect an-
tennas) ET) can be expressed as: gled is near 0 or 180), the two polarization modes become

: , . circularly polarized waves with opposite sense. In the other
E = (ae’¢x)(p+be’¢y)fp)e’(“”_kZ) @) yp bp

extreme, when the radar wave propagates nearly (or exactly)
wheregy andgy are the phases of the oscillation in teand perpendicular to the magnetic field, the polarization state of

yp directions, respectively, angl, — ¢x = £ /2, where the @ mode is linear, each orthogonal to the other, assuming there
(&) describes the sense of rotation of the polarization ellipseare no collisions. In between these two propagation regimes,

Therefore, the polarization can be re-written as: each mode takes on an elliptical polarization state which, if
Z ) s i (r—kad ) there are no collisions, is orthogonal to the other mode.
r = (aXp+ (£i)byp)e e () The polarizations of the two modes of propagati% for

A rotation of this ellipse must be performed to describe theth® O-mode and_ for the X-mode) are described by:

pol_anz_atlon_state in the Budden (1_961)_ coqrdlnate systemﬁ): (Oxeid)ox)%_{_Oyeiqbgy&)ei(wtsz) @)
which is defined using the propagation direction of the wave

and the magnetic field orientation. Given a valuefionsing ~ and

Egﬁrgéngteigr?gsgo;rgs mentioned previously, the polarlzatlonﬁe = (exeiPx i +eyel¢8y $)et (@1—k2) (8)

ox andoy represent the major and minor axes of the O-mode
ellipse and similarlyex andey represent the major and minor

Er = [(acosy — (£i)bsiny) 3

- . A i(i—kz4dy

+(asiny + (£i)bcosy) jle' ), () axes of the X-mode ellipse (note thgtandey represent the
Equation 8) completely describes the polarization ellipse of 8xes of the X-mode ellipse should not be confused with the
Fig. 1. base of the natural logarithe). Equation §) gives the re-

The next step is to describe the polarization states of théation between the phasor representations of the oscillations
two magnetoionic modes of propagation. This is accom-along the x- and y-axes for each mode:

plished using the wave-polarization ratio: ouelPoy
y
= 9
e ﬂ (4) Poc 0x@l¢"x ( )
Ey and
WhereEy andEy are the phasor representations of the elec- i
. g . eye Yy
tric field along the x- and y-axes, respectively. In the absence,,.— - (10)
of collisions, p is given by the following equation: exe!Pex
5 3 wherepqc andpec are the axis ratios for the O- and X-modes
0 :iZY (I;T e +i 4y2(:T 7 +1 (5) from Eq. 6), respectively. Substitution gives,
L(d— \ - . .
or ) Ey = oxe® (& + pocd)el @19 1)
) : and
. (Ysing)? L (Y sing)4 1 5 , _
P ¥ eow@—x) '\ ArcomZaA_x)2 ©) o= exe®x (& + pech)e! @ . (12)

Recall that, because collisions have been neglegiedand
pec are imaginary numbers and have opposite signs to repre-
sent the opposite sense of rotation of the two modes. For sim-

clotron frequencyey is the plasma frequency is the radio plicity, the imaginary portion of the two wave-polarization
p ratios should be explicitly written, so two new variables will

wave frequency, and is the aspect angle. The major axis . - .
of the O-mode is oriented along the x-axis (i.e., the O-modebe defined o = poc andipe = pec Where the values fgg

major axis is always parallel to the component of the externaf”‘nd pe are purel;_/ real. Also, for simplicity, .the.phas@sx
: . . A . ) andg,, will be written aspo andge. The polarizations of the
B-field that is perpendicular th) an_d the_ major axis qf t_he two modes become:
X-mode is oriented along the y-axis (this behaviour is illus- N . ‘
trated in Fig.2). This condition indicates that, with respect Egp = oye (£ +ipo9)e’ @+ (13)

where X = (w,/0)?, Y = w./w, Y| = (w./w)cosd, and
Y1 = (w./w)sind (note thatX represents the ratio mﬁf, to
w?, not the X-mode of propagation). Furthes; is the cy-
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and 3 The SuperDARN radar system

Ee=exe'® (& +iped)e @+ (14)  High-latitude ionospheric convection is continuously mon-

itored by the Super Dual Auroral Radar Network (Super-

The sense of rotation of the modes is opposite, indicating thabARN) set of radars. A SuperDARN radar consists of six-

po andpe m.us.t.have oppo§ite signs, which EQ) gssures. teen transmitting antennas which produce, at any given time,
Now the initial polarization (Eg3) can be equated to the a single beam of dwell time 7s (normal scan) or 3s (fast

polarizations of the two modes of propagation: scan). By means of a phasing matrix, the beam is progres-
. sively shifted by 3.25 through 16 successive beam posi-
fr _?C’Jrﬁe‘ (15) tions, thereby covering an azimuth range of Hfiring a

Equating the real and imaginary components of both the x-Single complete scan. The frequency range of the radars is

and y-axis values in Eq16) gives: 8—-20 MHz (Greenwald et al., 1995).
The antenna beam pattern of a SuperDARN array is de-

aCoOSy = 0xCOSPo + ex COSPe, (16) signed for poleward viewing at elevation angles less than

~45°. In practice, power is radiated from the horizontal an-
— (X)bSinNyr = 0xSiNgg + ex Singe, a7 tennas through all elevation angles from 0-21&0g., Arnold

et al., 2003). This is beneficial for the ePOP mission as
asinygr = — p,0xSiNgg — peexSiNge, (18) the RRI can therefore receive transmitted signal throughout

a pass over a given SuperDARN radar. The electric field
(£)bCOSY = po0x COSPo + peex COSPe. (19)  polarization of the SuperDARN antennas is linear and ori-

ented horizontal to the Earth. Since the geomagnetic field
The knowns in these equations areb, (£), andy, which  lines are nearly vertical at higher latitudes, the SuperDARN

define the initial conditions for the wave, (for example, for transmitted linear horizontal polarization is roughly perpen-
the initial SuperDARN polarization; =1.0,b =0.0, the(+)  dicular to the magnetic field lines. According to the magne-
does not matter, angt is calculated through the coordinate toionic theory, for propagation perpendicular to the magnetic
transform mentioned previously). Also known from the lo- field lines, the horizontal waves transmitted northward are
cal magnetoionic conditions apg andpe (from Eq.6). The  predominantly extraordinary mode (X-mode) signals before
unknowns, which need to be solved to determine the relaentering the ionosphere.

tive power delivered to X-mode, atg, ex, ¢o, andege. The

solutions to these equations are: 3.1 SuperDARN mode power distribution
¢>0=arctar[tan¢ ((i)bﬂ)} (20)  The equations for relative mode power derived in Séct.
(£)b—ape were used to determine the power that a SuperDARN radar
. distributes to either mode of propagation. Inspection of
on — sm_1p((:|:)bpe—a)’ (21)  Ea. ) indicates that the polarization state with which the
SiNgo(po — pe) two modes propagate is dependent on electron dengity
(wp = /€2 Ne/€om), radar frequencw, and propagation di-
Pe= arctar[tanw <(i)bﬂ)} , (22)  rectiond. As the radars are ground-based, the initial electron
(F)b—apo density and collision frequency were taken as zero and the

. polarization ratios of the modes depended onlyamdw.
oy — S'nf/’((i)bpo_a). (23)  Equations 20) through @6), along with the polarization ra-

SiNge(pe — po) tio (Eq.6), were used to determine the relative mode power.
The power distribution for the Saskatoon SuperDARN (geo-
graphic coordinates: 52.16l, 106.53 E, magnetic coordi-
nates: 61.34N, 45.26 W) at various frequencies has been
modelled. Figure3 illustrates the relative X-mode power
e§+e§
0)2<+0)2,
elevation and azimuth angles. The directions of geographic
north, west, south, and east are represented by “N”, “W”,
“S”, and “E”, respectively. The edge of the large circle rep-
resents 0 elevation angle, while the centre of the circle rep-

The values fopy andey are found using:

Oy = | polox (24)
ey = | pelex. (25) <10Ioglo[ for 12.5MHz propagation at different
Finally, the relative power that is delivered to the X-mode

compared to the O-mode&§), which is the quantity that is
discussed in the following sections, in units of dB is:

€2+ e2 resents 9elevation angle or directly vertical. The solid and
Re= 10Ioglo|:2—3;:|. (26) dashed arrows illustrate the direction to magnetic north and
ox +oy the boresight of the radar, respectively. An X-mode relative
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X-mode Relative Power (Saskatoon SD, 12.5 MHz)
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Fig. 3. Relative power delivered to the X-mode (E§) at 12.5 MHz from the Saskatoon SuperDARN as a function of elevation and azimuth
angles.

Table 1. Locations of Canadian SuperDARN radars.

Radar Latitude{N) Longitude ¢ W) Latitude ¢ N)  Longitude £ W)
(Geographic) (Geographic) (Geomagnetic)  (Geomagnetic)
Saskatoon 52.16 106.53 61.34 45.26
Kapuskasing 49.39 82.32 60.06 9.22
Prince George 53.98 122.59 59.88 65.67
Rankin Inlet 62.82 92.11 72.96 28.17
Inuvik 61.41 133.80 71.15 86.5

power of 0.0dB (white on the contour plot) would corre- of little importance. Modelling has also been performed for
spond to equal splitting between the two propagation modesthe other SuperDARN radars in Canada which are listed in
The elevation and azimuth angles which show darker shade$able 1. In general the results are quite similar to the Saska-
on the plot indicate higher relative X-mode power is trans-toon radar modelling. The X-mode relative power maximum
mitted in these directions by SuperDARN. is roughly centred on geomagnetic north and decreases in
o o ) . elevation for an increase in geomagnetic latitude. This be-
From this figure, it is immediately apparent that there is p4yiour is demonstrated in Figéand5 which illustrate the
a band of .ele.vat|.on angles north of the transmitter Wh?rerelative X-mode power at 12.5 MHz for the Prince George
the transmission is dominated by the X-mode. Meanwhile,yhich is at a different longitude than the Saskatoon radar)
above and sou_th of the radar, the two transmission modes arg, 4 rankin Inlet (which is at a high latitude) radars, respec-
roughly equal in power. It should also be noted that, néar 0 6|y |t is clearly evident for the Prince George radar that
elevation angle and at azimuths that are nearly perpendicUy,o X_mode maximum power band is oriented to centre on
lar to the boresight, there are two small regions in the plot ing5gnetic north. Meanwhile the Rankin Inlet radar, which is
which the signal is dominated by the O-mode. This is due toihe ¢osest to the geomagnetic pole, shows an X-mode max-
the special geometry that exists in this location between the,,m band very close to the horizon.
external magentic field, the propagation vector, and the initial
wave polarization. However, since very little signal is trans-  Also noted (though not shown) was the effect of frequency
mitted in the direction parallel to the antenna, this region ison the mode power distributions. Transmitter frequencies of
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X-mode Relative Power (PrinceGeorge SD, 12.5 MHz)
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Fig. 4. Relative power delivered to the X-mode (Exf) at 12.5 MHz from the Prince George SuperDARN as a function of elevation and
azimuth angles.

X-mode Relative Power (Rankin SD, 12.5 MHZz)
N
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Fig. 5. Relative power delivered to the X-mode (E2f) at 12.5 MHz from the Rankin Inlet SuperDARN as a function of elevation and
azimuth angles.

9.5MHz, 12.5MHz, and 14.5 MHz were used in the mode It should be stressed that the power distributions in F3gs.
power simulations. The main effect of frequency upon thethrough5 illustrate only the relative power between the two
distributions was a slight narrowing of the X-mode maxi- modes and not the absolute transmitted power. The Super-
mum band at higher frequencies, which will be discussed inDARN radars have complex antenna patterns and the ab-
more detail in Secb. solute power of a transmitted signal will vary with launch
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Cutoff Elevation Angles whereng, Ro, andgg are the refractive index, radius (from
ST T T the centre of the Earth), and elevation angle of the wave at
the antenna location, respectively, angl Ry, ¢p have sim-

ilar meanings at the location of the peak electron density in
the ionosphere. For the SuperDARN radar, the initial index
of refractionny on the ground can be taken as unity, atyl

is the radius of the EartRe. When the signal at the cutoff
elevation angle is totally internally reflected its propagation
direction will be horizontal, indicating that, is 9¢°. Radar
waves at higher elevation angles will escape the ionosphere
and reach the satellite. The peak electron density occurs at
roughly siscat= 300 Km SORp = Rg + hscat The index of re-
fraction in the ionosphere as given by the Appleton-Hartree

S — equation (Budden, 1961) is
0.0 0.2 0.4 0.6 0.8

80—

B [}

o o
T T [ T T T [ T T T [ T 1T

\

\

Cutoff Elevation Angle (deg)

N
o

\
e b e

g
=}

X

n’=1- .
Fig. 6. Cutoff elevation angles as a function of the ra¥o(= 1— 2 + [ r# Ly2
a)g/wz) at the location of the peak electron density for the O-mode 2(1-X) 4(1-X)? L
(lower curve) and X-mode (upper curve). Waves launched from the
Saskatoon SuperDARN at lower elevation angles than these will berhe variablesY, Y, andY, are as defined in Se@. The
refracted back to Earth and not detected by the RRI on ePOP. positive sign in Eq.28) corresponds to the O-mode of prop-

agation and the negative sign to the X-mode of propagation.

. . ) . In Fig. 6, Egs. 7) and @8) are used to plot the cutoff ele-
elevation and azimuth angles; however, the relative POWel _on an lap, for both modes of propagation versus the ra-
between the modes as presented in Fg® 5 is still cor- 9o propag

rect tio X (= w3/w?), given a constant magnetic field strength of
' 5%x10-° T and an aspect angle= 80°. These values are rep-
resentative of the Saskatoon SuperDARN radar wave prop-
4 Power distributions to be detected by RRI agation conditions. The top curve represents the X-mode
cutoff elevation angle and the bottom curve represents the
The preceeding section dealt with the power distributions of0-mode cutoff elevation angle. Only waves launched at el-
the O- and X-modes from a SuperDARN perspective. In or-evation angles higher than those plotted in the figure for a
der to focus this discussion on the ePOP/RRI experimentgiven value ofX will escape the ionosphere and reach the
the behaviour of the transmitted waves from SuperDARN asrR| on ePOP. As such, the X-mode-only band nearel@-
they propagate through the ionosphere to the orbiting RRlation angle that is evident in Fig.will only be observable

(28)

receiver was examined. by the RRI when the value for the rati at the location of
, peak F-region electron density is lower thaf.1 (the figure
4.1 Cutoff elevation angles indicates that waves launched at elevation angles higher than

~10° will escape the ionosphere). It should be noted that this

The main finding of the modelling of the relative power, for : . o
. . utoff angle calculation has assumed a horizontally stratified
either mode received by the RRI, was that waves launched a . . : :
fonosphere. In reality, the F-region peak density will vary

lower elevation angles will not escape the ionosphere. These

. . . With latitude north and south of the radar.
waves will be internally reflected by the highly dense F- . . i .
region peak and thus will not be detected by the orbiting Further affecting the transmitted signal as it propagates

RRI receiver. The peak ionospheric electron density at Suthrough the ionosphere is relative absorption of the modes

perDARN latitudes can range from belowtén—3 to above N the lower ionc_)sphere. Depe_nding on Fhe local time and
102m3 (e.g., Hunsucker and Hargreaves, 2003). With thisthe stgte of the ionosphere, this ab§orpt|on can range from
range of possible densities, the cutoff elevation angle (theessentlally zero t_o complete absorption. For quiet condltl_ons
minimum elevation angle for which a wave of a given fre- (Kp <2 0r 3), it is expected that the amount of absorption
quency can propagate through the F-peak and reach the satd®" ither mode at SuperDARN frequencies will be less than
lite) can vary substantially. 1 dB.. For s_llghtly disturbed conditions @Kp < 5), the ab-

For a horizontally stratified ionosphere, the cutoff eleva- SOrPtion will be no more than-2dB for the O-mode and

tion angle may be found using Snell's Law in spherical coor- 4 dB for the X-mode (James et al.,, 2006; Gillies et al.,
dinates (Bouguer's Law) (Born and Wolf, 1959): 2007). Finally, for very disturbed condition&§ > 5 or 6),
both modes will be almost completely absorbed in the D- and

noRoCOSHo = npRpCOSPHp 27) E-regions and no signal will reach the RRI receiver.

www.ann-geophys.net/28/861/2010/ Ann. Geophys., 28, 8612010
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25 Extraordmary Mode Relative Power (X<o. 1) b) Extraordlnary Mode Relatlve Power (0.1<X<oO. 3)
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Fig. 7. Modelled X-mode relative power that will be received by the RRI on ePOP. P@jelb), and(c) illustrate transmitter frequency
and ionospheric peak density combinations which corresporid t09.1, 0.1 < X < 0.3, and 03 < X, respectively. The modelling assumes
a north-south satellite orbit at 1500 km directly over the Saskatoon SuperDARN radar (latitude >Np2.16

4.2 Raypath modelling of signal received by RRI relative mode power the RRI would observe in a pass over
the transmitter.
The relative mode power that is to be received by the RRI Figure7 illustrates the modelled relative power of the X-
on ePOP as it orbits over the Saskatoon SuperDARN radamode to that of the O-mode that would be detected by the
has been modelled. A ray tracing program based on the rajRRI as a function of satellite latitude as it passes over the
equations from Haselgrove (1963) iteratively determined theSaskatoon SuperDARN for a variety of electron density and
path a wave would take from the transmitter on the groundfrequency combinations. Absorption in the D- and E-regions
to a given location of the satellite orbit. The program took ashas been taken into account; however, the electron density
input the frequency to be transmitted, the starting (antennaprofiles were obtained for quiet conditions, so there was very
location, and an electron density profile. The electron dendittle effect. It should be noted that Figpredicts equal split-
sity profiles for this study were determined from the Interna-ting of power between the O- and X-modes for the majority
tional Reference lonosphere (IRl) model (Bilitza, 2001). The of the ePOP orbit, however when ionospheric conditions are
magnetic field data for the ray trace program were obtainedappropriate for preferential absorption of the X-mode, the O-
from the International Geomagnetic Reference Field (IGRF)mode signal that will be detected by the RRI will be higher
model (Maus et al., 2005). For this study, the electron den-than that of the X-mode in these locations. A further effect,
sity distributions were horizontally stratified so they varied which has not been considered, is focusing and defocusing
in altitude only. The iteration process was used to study aof the waves as they propagate through the ionosphere (Hun-
total of eight passes of the satellite over the transmitter asucker, 1991). Itis possible that skip-distance focusing could
an orbital altitude of 1500 km, the approximate apogee ofpreferentially favour the O-mode over the X-mode, which
the ePOP satellite. Th¥, profile and transmitter frequency may resultin the O-mode being received with a higher power
were varied for each pass. For both the O- and X-modesthan the X-mode in some instances. Future studies consid-
rays which propagated from the SuperDARN radar locationering the amount of absorption for different levels of iono-
to the orbiting RRI receiver were calculated for Olatitude spheric activity and the effect of focusing and defocusing of
increments. Once these connecting rays were determinedhe waves are being planned.
the equations developed in Se2twere used to model the
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In Fig. 7, different transmitter frequency and peak electron nearly vertical magnetic field lines), it is basically an X-mode
density combinations were modelled and are presented bywave when leaving the antenna array. Therefore, it is not
the different curves in the three panels. The panels (a), (b)unexpected that the X-mode would dominate the transmit-
and (c) in the figure correspond to frequency—peak densityted signal in this region. Conversely, above the transmitter
combinations which result inX < 0.1, Q1< X < 0.3, and  and slightly southward, the wave propagates nearly along the
X > 0.3, respectively. The peak ionospheric electron densitymagnetic field lines. In this regime, the two modes propagate
used to produce the values f&rin panel (a) was 19 m—3 as orthogonal circular polarization states. The summation
which is a reasonable value to expect in the nighttime iono-of two circular waves of opposite sense will only produce
sphere at SuperDARN observation latitudes. For these lowthe initial linear wave if they are of equal amplitude. There-
values ofX (<0.1), the range of latitudes over which sig- fore, for propagation directions that are not perpendicular to
nal was detected was quite large and the X-mode-only banthe magnetic field lines, the two modes are of roughly equal
of signal was clearly observable. The curves in panel (b)power.
in Fig. 7 were calculated using a peak electron density of The effect of frequency on the mode power distributions
5x 101 m=3, which is a reasonable estimate of p@ékdur-  was also noted (though not presented). An increase in trans-
ing evening or morning hours. At these moder&tealues  mitter frequency caused the X-mode-only band to narrow
(0.1 < X <0.3), the traced waves reached the satellite for aslightly. This was caused by the fact that, at higher frequen-
large range of latitudes, and the power was more evenly diseies, the band of aspect angles over which the modes take on
tributed between the O- and X-modes. Finally, the curvesnearly linear polarizations is much smaller.
in panel (c) were generated primarily using a profile with a |t should also be noted that the index of refraction directly
peakNe of 10'2m~3 which is representative of electron den- affects the Doppler velocity that is measured by SuperDARN
sities during the daytime. For the high&rvalues ¢0.3),  (Gillies et al., 2009) and since the indices of refraction for the
the range of latitudes over which the the signal was observe®- and X-modes are different, identifying which mode par-
was much narrower. It should be noted that the given valuesicipates in coherent scatter is important. Since coherent scat-
of X in Fig. 7 are not only dependent on local time as dis- ter occurs due to field aligned irregularities, the SuperDARN
cussed, but also vary with time of year and location. Also, it wave must be perpendicular to the magnetic field lines to re-
was assumed in the generation of the profiles used in7Fig. ceive scatter. Therefore, scatter is received from elevation
that there was little auroral activity. Further, the SuperDARN angles typically below~30°. Inspection of Figs3 through
transmitting frequency is chosen to provide the widest ranges indicates that it is primarily the X-mode which participates
of ionospheric scatter so that the more extreme valueX for in ionospheric scatter. The refractive index of the X-mode is
may not often occur. slightly lower than that of the O-mode, so it is important to

use the correct value for refractive index when modifications
are made to SuperDARN velocity estimates to account for
5 Discussion this effect.

5.1 Relative mode power distribution of SuperDARN 5.2 Relative mode power detected by the RRI

The plots of relative X-mode power as a function of propaga-Figure7 demonstrates the relative X-mode power that is ex-
tion direction in Figs3to 5illustrate the X-mode-only band. pected to be received by the RRI on ePOP as a function of
The middle of the band occurs in the direction where bothlatitude for various ionospheric conditions. For low values of
propagation direction and the wave polarization electric fieldX (<0.1), the signal is expected to be observed over a large
are perpendicular to the field lines. This behaviour is evidentatitudinal range and there is a clear region of X-mode-only
in Figs.3, 4, and5 which present the relative power delivered signal. This behaviour occurs because the computed waves
to the X-mode as a function of propagation direction for the are not bent substantially by the ionosphere and even low el-
Saskatoon, Rankin Inlet and Prince George radars, respe@vation angle waves reach the satellite (as could be predicted
tively. The reason that the X-mode-only band is centered orfrom Fig.6). For slightly higher values o, the signal is ob-
geomagnetic north relates to the geometry of the radar boreserved over a large range of latitudes, but the X-mode-only
sight with respect to the background magnetic field. North-band is not apparent. In this range, the cutoff elevation an-
ward propagation of the waves places them nearly perpengle is higher than the X-mode-only band observed in Big.
dicular to the field lines. Recall that in this regime, the two so this band does not appear. Near the cutoff elevation an-
modes have orthogonal linear polarization states. The Ogle, however, the traced waves are bent substantially by the
mode polarization is oriented along the component of theionosphere and this is the reason signal is predicted for a rel-
magnetic field in the polarization plane, while the X-mode atively large range of latitudes. When the values Xoare

is oriented perpendicular to this component. Since the ini-even higher £0.3) the signal is observed over a very short
tial polarization of SuperDARN is linear and oriented hor- latitudinal range. In these cases, the cutoff elevation angles
izontal to the surface of the Earth (or perpendicular to theare quite large and the traced waves are not able to travel far
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north or south of the transmitter without being reflected backsignal over a narrower latitude range above the transmitter.
to Earth before reaching ePOP satellite altitudes. Also, the X-mode-only band is only apparent for low peak

It is apparent from Fig7 that the relative mode power re- values. These calculations of relative mode power as a func-
ceived at RRI will be highly dependent on both frequency tion of both satellite latitude and electron density will help
and electron density. As the transmitting frequency is known characterize the ionospheric density profiles and provide a
an analysis of the relative mode power pattern as a funcmeasure of relative absorption of the two propagation modes
tion of latitude with reference to Fig. will reveal the vari-  when the RRI receives signal from the SuperDARN ground
ations of the peak ionospheric electron density. If signaltransmitters.
is received only over a narrow range of latitudes and the It has also been found that for the northward propagation
O- and X-modes are of equal power throughout the passdirections from SuperDARN which are most appropriate for
a high X value at the peak will be inferred. For example, ionospheric scatter, the X-mode dominates the transmitted
a peakX value of 0.3 or higher will correspond to a peak signal. Since the index of refraction is an important fac-
Ne value above-6x 10 m=3 if the transmitter frequency is  tor for interpretation of the measured SuperDARN velocities
12.5 MHz. However, if signal is received for a wide range of (Gillies et al., 2009), the fact that the X-mode dominates the
latitudes and there is a clear X-mode-only band present, thenoherent scatter is an important result. Attempts to account
the peakX value and thus the peak electron density will be for refractive index to improve the SuperDARN line-of-sight
low. For example, a peak value of less than 0.1 will only  velocities must recognize that it is the refractive index for the
occur when the peaNe value is below~2x10"m=3fora  X-mode and not the O-mode which must be applied to the
transmitter frequency of 12.5 MHz. measured velocities.
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