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Abstract. lonosphericE x B plasma drift velocities derived  velocity, V| os, retrieved from the Doppler frequency shift
from the Super Dual Auroral Radar Network (SuperDARN) of the HF signals scattered by F-region irregularities in the
Doppler data exhibit systematically smaller (by 20—-30%) electron density. These velocities are fitted to a convec-
magnitudes than those measured by the Defence Meteordion model constructed with a spherical harmonic expansion
logical Satellites Program (DMSP) satellites. A part of the (Ruochoniemi and Bakef998. A key element of the recon-
disagreement was previously attributed to the change in thatruction is that the plasma moves at #ie B drift velocity

E /B ratio due to the altitude difference between the satellitein the ionospheric F region. This allows for a reconstruction
orbit and the location of the effective scatter volume for the of the high latitude electric potential distribution.

radar signals. Another important factor arises from the free- Drayton et al(2005 have tested the reliability of the radar
space propagation assumption used in converting the mearelocities by comparing SuperDARN line-of-sight Doppler
sured Doppler frequency shift into the line-of-sight veloc- velocity data with plasma drift velocities obtained simulta-
ity. In this work, we have applied numerical ray-tracing to neously by DMSP satellites passing over the field-of-view
identify the location of the effective scattering volume of the of the radars. While there was a qualitative agreement be-
ionosphere and to estimate the ionospheric refractive indexween the two data sets, the authors noticed a tendency for
The simulations show that the major contribution to the radarthe radar velocities to be consistently smaller by more than
echoes should be provided by the Pedersen and/or escaping25%. Xu et al.(2001) had found a similar relationship be-
rays that are scattered in the vicinity of the F-layer maxi- tween co-located SuperDARN and incoherent scatter veloc-
mum. This conclusion is supported by a statistical analysisty estimates with magnitudes exceeding 1000 m/s, though
of the experimental elevation angle data, which have a sigfor V| o5 <500 m/s the effect was apparently inverse.

nature consistent with scattering from the F-region peak. A The discrepancy between SuperDARN and DMSP veloci-
detailed analysis of the simulations has allowed us to proposges could be attributed in part to the changeginB with al-

a simple velocity correction procedure, which we have suc-jide. A theoretical analysis of electric field mapping along
cessfully tested against the SuperDARN/DMSP comparisorgquipotential geomagnetic field lines shows that the mag-

data set. nitude of E/B should be~10-15% larger at DMSP alti-
Keywords. lonosphere (lonospheric irregularities) — Radio tudes (-840km) than in the part of the F-region observed
science (lonospheric propagation) by SuperDARN, at 300-400 km altitude (G. J. Sofko and

A. D. M. Walker, private communication). The reason for
this effect is that for equipotential radial magnetic field lines,
the plasma near the Earth’s surface should rotate as a solid
body, so thatE/B should be roughly proportional to the

The high-latitude ionospheric plasma convection has beeﬁiistance 'frotr'n the centre of the Earth (D. Moorcroft, private
monitored for the past 15 years using the SuperDARN radafommunica |(.)r.1). )
network Greenwald et a) 1995 Chisham et a).2007). The RecentlyGillies et al.(2009 pointed out that, even though

radars infer the line-of-sight component of the plasma drift the high-latitude HF radars must rely on refraction to sat-
isfy the aspect conditions for backscatter on magnetic field-

aligned irregularities, the velocity estimations from Super-
Correspondence td?. V. Ponomarenko  DARN radar data have not considered the fact that the
BY (pasha.ponomarenko@usask.ca) ionospheric refractive index is not equal to 1. Based on
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ray-tracing results for a broad range of ionospheric condi-(mixed scatter, see e.gonomarenko et al2008. However,
tions, Gillies et al.(2009 found the velocity underestimation the mixed scatter returns account for a small portion of the
to be close to 10%. ImportantiGillies et al.(2009 utilised echoes (a few percent; elgonomarenko and Wateiz006
Snell’'s law for spherical geometry to demonstrate that ele-and therefore do not present a major problem.

vation angle data could be used, when available, to estimate A more important cause of ionospheri¢os underesti-

the index of refraction in the scattering region, and thereforemation comes from assuming free-space propagation, when
to obtain more realistic radar velocity estimates. Once theya Doppler shift estimateAf, is based on the standard ex-
applied both refractive index arfd/ B corrections to the por-  pression for free-space backscatter

tion of theDrayton et al(2005 data set for which elevation 2Vios

data were availabl&illies et al.(2009 obtained a markedly Af =— TP )
improved agreement between the two data sets. However, 0

there are two important limitations to the method: (1) lack where i is the radar wavelength in free space. However,
of reliable elevation data (some of the SuperDARN radarsin reality, the HF backscatter occurs inside the ionospheric
do not measure elevation angles) and (2) the spherical symplasma where the refractive indexmay be considerably
metry assumption about the ionosphere (no horizontal gradismaller than unity. To leading order,is described by the
ents). Another apparent problem is that the modelled velocexpression

ity distortions in Gillies et al, 2009 were obtained using the

over-simplifying assumption that the irregularity intensity is 7 = y/ 1- f,?/fozv

constant through_out_the ionosphere. _ ) where f, and fp are the plasma and radar frequencies, re-
_The central ob_Ject|ve of the present work is to study in de_'spectively. This approximation of the Appleton-Hartree for-
tail the propagation geometry of HF waves backscattered ";hwula is valid for a collisionless unmagnetised plasma, when
the ionosphere in order to determine the effective value ov/f0 f2/f2 < 1, wherev and f5 are the ionospheric elec-
the refractive index in the scattering volume and to quantifytron’cotflisi(é)n an'd cyclotron frequencies, respectively. For
its effects on velocity measurements. In S&ctthe Super- SuperDARN fo ~ 10—20 MHz, so that these conditions are
DARN velocity estimate algorithms are critically analysed. easily met across the whole F-region, whege~1-1.5 MHz
In Sect.3, numerical ray tracing and collective scatter theory andv < 1kHz. From Eq. 2), it is easy to see that the free-
are used to simulate thg major characteristigs of SuperDAR'%pace_approximatiom =1, is applicable only iffo>> f,.
echoes. In Secd, we d'§CUSS possible practical ways to ac- Otherwise the refractive index becomes noticeably smaller
count for the refractive index effects on SuperDARN veloc- than unity. Indeed, by their very design, HF radars rely on

ities and present some examples of the corrected data. Segfrong ionospheric refraction to achieve two major objec-
tion 5 offers our summary and conclusions.

)

— extending the effective elevation range (aspect condi-

2 Velocity estimations from SuperDARN HF radars: tions) for the backscatter from field-aligned irregulari-
major assumptions and potential sources of system- ties through ray “bending” inside the ionosphere, and
atic errors

— over-the-horizon propagation through consecutive re-

Velocities from HF radars can be estimated from the phase  flections from the ionosphere and the ground.

slope of an autocorrelation function (ACF). For SuperDARN The non-unity refractive index affect¥ os because the
radars, the ACF is obtained from a sequence of non-evenlyoppler shift is proportional to the phase speed of the wave
separated pulseSteenwald et a].1985 Baker et al.1995  jn the medium. A basic expression for the Doppler frequency
Ponomarenko and Water800§. The SuperDARN veloc-  shift of a wave propagating in a medium with 1 is deter-
ity estimation algorithm implemented in the conventional mined from the time derivative of the phase of the electro-

data processing package, FITAGBaker et al. 1995 Pono-  magnetic wave at the reception point (e&inzburg 1970:
marenko and Water2006), is based on two major assump-

tions of (i) a single spectral component and (i) free-spaceay =27 Af = a_¢ = —ko%, ()
propagation. The violation of either of these assumptions 9 ot
can affect the accuracy of the computation/pfs. whereko and L, are the wavenumber in free space and the

The first assumption allows a linear fit to the ACF phase.phase path, respectively. The latter is defined as an integral
By contrast, a multi-component ACF can have a phasefrom the phase refractive index along the ray,
changing non-linearly with time lag. In this case FITACF B
generally produces smaller ionospheVigs estimates and L, :/ nds. (4)
larger fitting errors. The multi-component situation is reg- A
ularly observed when the ionospheric and surface (sea owhere A and B are the locations of the transmitter and re-
ground) scatter components overlap in the time domainceiver, respectively.
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If either the receiver or the transmitter, or both, are movingradar and satellite velocity estimates. To more accurately de-
in an arbitrary coordinate system, the limits of integration be-termine the refractive index effect on SuperDARN echoes we
come time-dependent, and the Doppler shift in the referenc&ow analyse in detail the formation of the HF radar echoes in

frame of the receiver is given by the presence of strong refraction.
P B
Awap = _kOE/A nds= 3 Modelling HF backscatter characteristics
B(®) gp dB(1) 9A According to collective scatter theory (e.Rytov et al,
—ko[/ oy ds+— (B = n(A)} (5) 1988, the backscattered signal represents a superposition of
A

echoes from a large number of irregularities inside the Ef-

In the case of backscatter, both transmitter and receiver artective Scatter Volume (ESV), which is formed by the in-
located atA, and a target is now located & Here one tersection of the antenna beam with the ionosphere. The
should consider two-way propagation from the transmitter toSUPErDARN range selection is based on time delay (group
the targe{A to B) and back B to A), which merely doubles range), so that the line-of-sight dimension of ESV is also
the contributions from each term in E&)( It is convenient  limited by the spatial extent of the radar pulse along the prop-
to consider the coordinate system with its origin at the radar@gation path. The theory of ionospheric backscatter was ini-
location, A, so that the last term in the square brackets be-tially developed byBooker(1956, who showed that the ma-
comes zero. jor contribution to the scattered field is given by a spatial
The middle term on the right-hand-side of E§) {s pro- spectrum component of electron density fluctuations whose
portional to the value of the refractive index(B), at the  Period along the propagation directidnsatisfies the Bragg

scattering point itself and to the local line-of-sight velocity, Scatter conditions

Vios=0B(t)/at. It can be re-written as I=2/2
2Vios . . . . .
Af =— n, (6) producing constructive interference at the reception point
A0 (herex is the radar wavelength in the medium). The Bragg

The integral in Eq. %) represents time variations in the the magnetised plasma in the F-region, irregularities at these
refractive index (plasma density) along the ray path, andSizes are highly anisotropic and aligned with the geomagnetic
it is mostly affected by the vertical motion of the iono- field lines due to the large difference between the ambipolar
spheric plasma. This term is the major contributor to thePlasma diffusion coefficients along and acrdis(see e.g.
Doppler shift for signals reflected from the ionosphere (i.e.Hysell et al, 1996. The effective scattering cross-section
ground/sea scatter), when both integration limits becomeof these irregularities depends on their intensity, shape and
time-independent, and it has been analysed in detail for verorientation with respect to the incident wave propagation di-
tically propagating radiowaves by e.Boole et al(198§.  rection @ooker 1956 Walker et al, 1987,

In contrast, for ionospheric backscatter at high latitudes the  ~—— 202 0 o
Doppler effect is dominated by the local ter) pecause ¢ * AN exp(—Zk v ‘HL])’ )
Vios is considerably larger then the vertical component of - )

the drift velocity, V.. However, under certain conditions (e.g. WhereAN? is the average level of the electron density fluc-
meridionalE x B drifts producing noticeablg.) the integral ~ tuations,k is the magnitude of the radar wave-vector in the
term may become important. In addition, the ion productionMedium,; | is the irregularity scale size along and across
and loss processes in the ionosphere can also contribute € €xternal magnetic fiel®o, respectively, andy is the

the integral term in Eq5), a subject that is beyond the scope complement of the angle betweénand Bo. This expres-
of the present work. sion has been obtained under the assumption/jat/

To summarise, according to Eq®) @nd @), the iono- andkl; > 1 so that the cross-section exhibits a very strgng
spheric refractive index for HF radio waves is always smallerP€ak neay,=0°, i.e. where the radar wave-vector orientation
than unity, so that the free-space approximation used in cal@PProaches the normal to the major axis of a field-aligned
culating SuperDARN velocities should generally lead to anionospheric irregularity (aspect sensitivity effect), namely,
underestimation o¥| ps. The effect could conceivably be k L Bo. @)
large: for typical magnitudes of, ~4—8 MHz and fp ~
10—20 MHz, the minimum refractive index value at the F- In this situation the major contribution to the backscattered
region maximum height,, could be as small agyj, >~ 0.60, field is given by a small part of the ESV, where E8§) {s
so thatV| os could be underestimated by up to 40%. Thus, closely satisfied. In turn this would make integration over the
the non-unity of the local refractive index could potentially whole scatter volume unnecessary. Based on the assumption
be responsible for the observed discrepancy between HBf a unique “aspect” area within ESGillies et al. (2009
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applied numerical ray-tracing to model SuperDARN velocity propagation modes: Pedersen (high-angle) and low-angle
distortions due to the non-unity refractive index. Their analy- rays. The upper and lower branches of the orthogonality con-
sis was based on locating those points along the propagatiotour merge at the ionospheric projection of the skip zone.
rays where the orthogonality condition is satisfied within 1 Thus, an important question to address is: what is the rel-
The respective values of the refractive index were used tative contribution to the backscattered field from each re-
determine velocity distortion. Application of this technique gion? In an attempt to resolve this ambiguiyndré et al.

to a number of 2-D electron density profiles covering a va-(1997 calculated the relative number of the simulated high-
riety of ionospheric conditions predicted a typical velocity and low-ray data points falling into each range gate and con-
decrease of~10%. However, it has been previously shown cluded that the scattered signal was formed mainly by the
that in the case of HF propagation more than one distincower part of thek | By region. HoweverAndré et al.(1997)

k L Bp region generally exists within a single ESV (e.g., admitted that they neglected the dependence of the scattered
André et al, 1997). In this situation “weighting” all sim-  power onA N2 andN, which might be very important due to
ulated points equally is not apparent and may create a biaghe significant altitude difference between the two branches
in the interpretation of the results. There is a need, thereof the orthogonality contour.

fore, for a more thorough analysis of the situation using ray To improve this situation we applied integration over the
tracing and a proper integration over the ESV. To adequatelyyhole ESV to the ray tracing results, similar to the approach
analyse the complex nature of the orthogonality area, in thisysed byUspensky et al(1994 to model E-region backscat-
section we have applied a numerical ray tracing code basegbr. To correctly implement this procedure we had to make
on Snell's law to calculate propagation characteristics of thecertain assumptions about the factors affecting the scattered

radar signals.
3.1 Idealised situation

In order to illustrate the basic properties of HF backscatter
from the ionosphere, we present in Figthe result of ray
tracing for a simplified case wheBg is vertical, the cur-
vature of the Earth is neglected, and the electron density is
described by a single parabolic layer with no horizontal gra-
dients. We have also restricted the presentation to the first-
hop ray trajectories. The parabolic ionosphere was character-
ized by a critical frequency, =7 MHz, a maximum height

h, = 300km, and a layer half-widtil = 150 km, while the
radar frequency was held # = 12 MHz. In Fig.1 the radar
location coincides with the origin of the coordinate system.
The blue shading shows the spatial distribution of the refrac-
tive indexn < 1 calculated fromZ), with white background
corresponding ta = 1. The ray tracing was performed by
stepping through the elevation angles ranging fuon®° to

85° with Aa=0.1° steps, though in Fidl the rays were plot-

ted only for every integer value of the elevation angle. The
red lines correspond to the high-angle (escaping and Ped-
ersen) rays while the green lines show the low-angle rays.
The spatial resolution along each ray was fixedat= 1 km.
Black dots show group range marks at a 400-km separation
for all simulated rays 4@=0.1°). The grey area illustrates
the shape of ESV for a given range gate (gate #15, LOS res-
olution 45 km).

The yellow contour shows area where the orthogonality
condition @) is satisfied to within 1. For the given propa-
gation conditions, i.e. verticaBy and horizontally uniform
ionosphere, Eq.8) corresponds to the mid-points of the ray
trajectories, wheré& becomes horizontal. From Fid.it is
clear that even in this highly idealised situation, at any given
group range>500 km condition 8) is satisfied in two sep-
arate regions. This duality reflects the existence of the two
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signal power:

— Spatial distribution ofA N2

This is the most important assumption, which would
allow us to solve the “duality” problem. We are not
aware of any previous attempt to account for spatial
variations in the magnitude of electron density fluctu-
ations while considering HF backscatter. In this situ-
ation we decided to simply assume that the magnitude
of fluctuations with a fixed scale size (Bragg scale in
our case) would linearly increase with increasmgand
vice versa:

AN2 x N°. (9)

This implies that the average value of the relative mag-
nitude of the plasma fluctuations is constant throughout
the ionosphere:

N2
——— =const
N2

(10)
This would be the case for structures triggered by
plasma instabilities that would saturate through a vari-
ety of possible nonlinear mechanisms. This assumption
requires further testing against experimental data, and
will be revised in a later section.

— Aspect sensitivity

The scattered power changes with the aspect angle ac-
cording to the exponential term from E@)( The aspect
sensitivity is fully determined by the ratig/A. In our
calculations we assumégl= 50, which corresponds

to a field-aligned scale at1 km and provides a#-fold
decay of the backscattered power~a0.13 deviation
from the normal to the direction of the geomagnetic

www.ann-geophys.net/27/4207/2009/
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Parabolic layer, fy = 12.0 MHz, 1=90."
Ny =300 km, H = 150 km, f, = 7.0 MHz
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Fig. 1. Ray trajectories for a simplified model (see text for details). The blue shading represents a spatial distribution of the refractive
index (). The red and green lines show high-angle rays (escaping and Pedersen) and low-angle rays, respectively. The yellow contour shows

an area wherg L By is satisfied to within 1. Black contours/dots show group range marks at 400-km intervals. The grey area corresponds
to the effective scattering volume for range gate #15 (group range resolution 45 km).

field. A larger value ofl; would lead to a tightee- echoes to be formed by the high-angle rays scattered from the
folding width and require higher resolution calculations vicinity of the F-region maximum. This suggestion is gener-
without changing the basic physical results. ally supported by Fig2, which shows the simulated location
of the effective scatter volume for each range gate calculated
— Range dependence through applying Eq.1(2) to the range and altitude. For the

The number of irregularities is proportional to ESV. The ranges<1000 km the effective scattering volumes are mainly
azimuthal size of the ESV increases linearly with dis- centred on the upper (Pedersen) branch of the orthogonal-
tance and, thus, compensates in part for the geometricdty contour (yellow), which contrasts the “un-weighted” esti-
decay of the backscattered power fromr 4 to o rg—3, mates byAndré et al.(1997. The absence of the data from
The geometrical decay and focusing/defocusing effectsseveral initial range gates is due to the unfavourable aspect
in the vertical plane are accounted for by the ray tracingconditions, when the limited accuracy of the numerical ray
procedure itself. tracing procedure does not allow resolving such low power
levels. The alternating ESV locations at rangeBs000 km
As aresult of our assumptions, the contribution from'dh  represents another data processing artefact discussed below.
point along a simulated HF ray to the effective scatter power The Pedersen rays are “channelled” along the ionospheric

at the reception point was calculated as maximum and are therefore characterised by a narrow ele-
1 vation range. This is apparent from the elevation-range de-

P; =const— - N2 exp[—Zkz(lfwerli)], (12) pendence in Fig3, where the dashed line shows a theoretical
"¢ aspect contour (for a vertical orientation Bf, /=90°, these

The effective characteristicses (location, power, refractive '€ Simply midpoints of the ray trajectories), while the dia-
index), of the simulated signals for each range gate werdnonds represent the simulation results. The combination of
calculated through a power-weighted average over the entird’€ high aspect sensitivity and narrow elevation range pro-

scattering volume for each range gate, namely, duces another artefact — sporadic switching between the up-
per and lower branches of the orthogonality contour observed
Zai P; at ranges>1000 km. In this situation the elevation resolution
deff = — , (12) Aa=0.1° becomes too coarse to resolve the orthogonality ar-
2P eas within the increasingly narrow propagation channel for

' Pedersen rays. We have identified this problem when we
whereq; is the local value of the parameter within the scat- found that decreasing«a increases the maximum range of
tering volume and?; is defined by Eq.X1). ESV located on the upper branch of the orthogonality con-
Assumption 9) implies a sharp increase in the backscat- tour, and vice versa. This artefact can be easily identified by
tered powerx N2 while approaching the maximum of the a sharp drop in the integrated scattered power, as illustrated
ionospheric layer. Therefore, one would expect the radaby Fig. 4. This led to the introduction of a power threshold

www.ann-geophys.net/27/4207/2009/ Ann. Geophys., 27, 4201R3-2009
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Parabolic layer, fy = 12.0 MHz, 1=90." Parabolic layer, fy = 12.0 MHz, 1=90."

Ny =300 km, H = 150 km, f, = 7.0 MHz hy =300 km, H = 150 km, f. = 7.0 MHz
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Fig. 2. Effective scatter volume locations for each range gate (dia-Fig. 4. Scattered power vs. range for the simulated data in Fig.
monds) obtained through power-weighted averaging of the simulanormalised by its maximum value.
tion data from Figl. Yellow contour corresponds to aspect condi-

tion (8).
By inclination =80, i.e. the magnetic field is tilted by
Parabolic layer, fy = 12.0 MHz, 1=90." 10° from zenith toward the radar.
hym =300 km, H = 150 km, f, = 7.0 MHz _ _ _ _ _
W0F : : 5 3. Non-symmetric multi-layered ionosphere with horizon-
E 20 OTO0OR —P ————— 0900603 tal gradients
& S edersen E . i L
S 30E £ = The height profile ofV represents now a combination of
5 g od E Chapman-shaped F and E layers (5. At the radar
% 20E \ E location, the ionospheric parameters are the following:
P E E maximum heights,, /=300 km andh,,, ;110 km, iono-
3 " S *~...  Low-angle E spheric scale heightd =70 km andHg=10km, criti-
g T 60000 cal frequencies, =7 MHz andf,z=2.5 MHz.
OE . 4. Multi-hop propagation
0 200 400 600 800 1000 1200 1400
Ground range, km First, we analyse HF propagation in the absence of hori-

zontal gradients oiV, i.e. when the ionosphere remains un-

_ _ _ _ _ changed with range. The respective ray trajectories over the
Fig. 3. Effective elevation angle vs. range for the simulated data '“typical SuperDARN ground range3500 km are shown in
Fig. 1 overlaid with analytical dependence (dashed line). Fig. 6. The orthogonality areas for the backscatter with hop

numbersm=0.5, 1.5 and 2.5 at F-region heights exhibit a

to eliminate the invalid data, namely, in the following sim- tWwo-branch shape very similar to that in Fig. In addi-
ulations we will only consider data whose relative power 10N, similar structures are formed inside the E-layer. It is
P/ Pmax> —40dB, wherePmay is the maximum integrated N€cessary to point out that for the non-vertid, besides
power. Pedersen rays, escaping rays also start to contribute to the
In summary, our analysis of the simplified situation revealsformation of the upper branch of the orthogonality area for
that the HF backscatter echoes at high latitudes should b€ €choes ai=0.5. As a result, in agreement with Fig.
dominated by Pedersen rays characterised by a narrow elevie effective signal-forming area far=0.5 is located in close
tion range. The next step is to check if more realistic simula-Proximity to the Pedersen branch of the F-region orthogonal-

tions will alter this result. ity contour (Fig.7). However, the ESV's fom=1.5, 2.5 are
located somewhere between the upper and lower branches of
3.2 Realistic simulation the orthogonality contour.

The respective effective elevation angle shown in Big.
To simulate a more realistic ionosphere, we introduced theagain in agreement with Fi@, also shows an initial growth
following modifications to the ray tracing simulation: and then little variation with range for the=0.5 component.
At the same time, the averagevalues atn=1.5, 2.5 are
noticeably lower. This effect results from the fact that all
2. Non-vertical magnetic field high-angle rays with elevation exceeding the critical angle,

1. Spherical propagation geometry.

Ann. Geophys., 27, 4204219 2009 www.ann-geophys.net/27/4207/2009/
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fore, it would be useful to consider at least situations with
monotonous horizontal gradients M. To quantitatively il-
lustrate these effects, we repeated our simulations for the
] same shape of the height profile used in Bigut with N, ¢
. linearly increasing/decreasing by 15% per 1000 km. The re-
spective simulation data fotes are presented in the mid-
dle and bottom panels of Fi®. As one would expect, an
increase ofN,,r with range causes stronger refraction for
m > 1.5, which results in lower ESV altitudes. By contrast, a
decrease iV, r produces a weaker refraction, which results
in the escape of some of the upper raysnat1.5. In the
latter situation the ESV for the multi-hop echoes should be
located near the ionospheric maximum, resembling the 0.5-
7 hop backscatter, on which the presence of horizontal gradi-
ents has little effect.

Thus, the domination of the high-angle propagation
] regime for 0.5-hop backscatter should result in velocity dis-
| tortion values close to those at the peak of the F-layer. For
multi-hop echoes the magnitude of the distortion is generally
smaller and depends on horizontal gradients of electron den-
sity. Of course, these are only simulation results following

1000

800

600

Height, km

400

200

0 | ‘ ‘ ‘ ‘ | from the assumption about proportionality of the fluctuation
" " " " 0 magnitude to the background electron den®)y [ts validity
0 2x107 4x107 6x107° 8x107" 1x10 has to be tested against experimental data.
Ne, m”

3.3 Experimental verification of the propagation mode

Fig. 5. Comparison of double-Chapman profile (solid line) used The dominance of the high-angle (Pedersen and escaping)
for more realistic simulations with the parabolic model from Big.  ray propagation for the 0.5-hop backscatter predicted by our
(dashed line). simulations can be verified using elevation data. Indeed, the
simulated data in FigB (dashed line) illustrate the principal
difference in the variation of the elevation anglevith range
asin'fcr/ fo), have already escaped within the first hop dis- petween the major propagation modes. For the high-angle
tance, which limits the angular range of the rays contribut-rays, after an initial increase at the closest range gates, the
ing to the backscatter at > 1.5 and consequently results in  glevation angle remains essentially constant with increasing
lower net elevation angles (Fig). Also, the absence of the range. In contrast, the low-angle rays should exhibit a quick
escaping rays forn=1.5, 2.5 echoes shifts the upper branchesdecrease of with range.
of the respective orthogonality contours to lower altitudes so e statistically analysed the ionospheric scatter data for
that the backscattered power magnitudes from both brancheg_31 pecember 2001 from Saskatoon SuperDARN radar (all
become comparable, leading to the “intermediate” locationheams). The ground scatter echoes were removed by us-
of the ESV (Fig.7). ing the standard selection criteria implemented in the Su-
With regard to the major goal of this work — quantification perDARN data processing package FITACF (for more detail
of the refractive index effect on the Doppler velocity esti- see e.gPonomarenko et al2007). During the analysed
mates — an important consequence of the dominance of thgeriod ionospheric echoes were regularly observed between
high-ray propagation within the first hop is that the effective ~03-16 UT, while for the rest of the day the radar returns
refractive index calculated using EG2), nef, is close tothat  were usually dominated by ground scatter. To account for
at the maximum of the F-layet(h,, r). This is convincingly  diurnal ionospheric variations, the radar operation frequency
illustrated by the top panel in Fi§, wherene (diamonds)  was changing daily fromfp ~ 11 MHz to fo ~ 14 MHz at
generally follows the local values of#,, ) (dashed line) for  14:00 UT and back at 00:00 UT. Therefore, to avoid fre-
them=0.5 component. Also, the multi-hope echoes are charquency switch artefacts, we processed only data obtained
acterised by smaller deviations of the refractive index fromduring 03:00-14:00 UT.

unity, n(hmr) <neft < 1. Figure10shows a range-elevation distribution of the iono-
In reality, however, it is hard to expect that the elec- spheric echoes during the analysed interval. The elevation
tron density at the maximum of the ionospheric layéy,r, histograms for each range gate (top panel) were normalised

will remain constant over the whole radar range. There-by dividing by the total number of the contributing data
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4214 P. V. Ponomarenko et al.: Refractive index and HF Doppler velocities

Chapman F and E layers, fy = 12.0 MHz, 7=80."
hop = 300 km, H = 70 km, fr = 7.0 MHz,
hmg = 110 km, H = 10 km, fog = 2.5 MHz
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Fig. 6. Ray trajectories (red) simulated for a spherical geometry and Chapman E and F layers (solid linB)iovéga typical SuperDARN
ground range sparx3200 km. The data are presented in a “straightened” height-ground range format with different vertical and horizontal
scales allowing for better visual analysis of the HF propagation details. The black and yellow colours, a%,iddsgribe range marks with

a 400 km step and aspect areas, respectively, while the blue shading shows spatial variations of the refractive index.
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Fig. 7. Effective scatter volume locations (black diamonds) for the
more realistic simulation presented in F&. The yellow colour
corresponds to the’laspect areas. Data with power leyel-40 dB

with respect to the maximum power are not shown (see text for
comments).

Fig. 8. Effective elevation angle vs. range for the model data shown
in Fig. 6.

corresponding to continuously increasing virtual backscat-

ter height was interpreted bghisham et al(2008 as an
points at this range (bottom panel). The dashed and dottedrgument for the Pedersen propagation mode. However, a
contours correspond to probability values of 0.025 and 0.05pronounced decrease infor the 0.5-hop F-region echoes
respectively. This plot resembles in detail a similar histogramover gates 10—20 apparently contradicts our predictions from
obtained byChisham et al(2008 (Fig. 3) and shows three Figs. 3, 8. In this situation it is necessary to consider that,
major propagation regimes: (1) 0.5-hop E-region (gates 0-in contrast to the simulated results, the experimental data in
10), (2) 0.5-hop F-region (gates 10-40), and (3) 1.5-hop F+ig. 10 are also affected by variable propagation conditions,
region (gates 40-65). The weak variationeofvith range  which may cause an apparent change of the angle with range.
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No horizontal gradient Saskatoon (ion), 03:00-14:00, 12/2001
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075 E 0.05 probability, respectively. The bottom panel shows the num-
070 E ‘ ‘ ‘ ] ber of experimental points used for each range gate (normalisation
0 0 20 30 4 50 60 70 factor).
Range gate

values, in agreement with the simulation results presented in
Fig. 9. Effective refractive index for the model data shown in g.  Fig. 8. The zero width of the histogram at the gate 22 results
is shown in the top panel. The remaining panels show the samdérom the “centring” procedure described above. The total
parameter calculated in the presence of positive (middle panel) andiumber of data used for this plot (bottom panel) is smaller
negative (bottom panel) horizontal gradients in the overall electronthan that used in FiglO because on some occasions there
f:ontent. The dqshed lines show effective.values of the refractiveyere no validy,, data. However, the respective non-centred
index at the maximum of the F layer for a given range gate. histogram from this limited dataset (not shown) closely re-
sembles that from the top panel in Fi. It is important to
mention that the same technique applied to the ground scat-
To eliminate the ionospheric variability effects we sub- {or dataset exhibited a monotonous decreaseviith range
tracted from the elevation data an instant reference level fron"(not shown), which is consistent with the predominantly low-

within the 0.5-hop range. For this purpose we used an eleangle propagation expected from the ground scatter echoes.
vation value from gate 22422 which corresponds to the his-

togram maximum in the bottom panel in Fi. This proce-

dure was applied to every beam in each scan, when a curredt  Correction of velocity distortions in SuperDARN data

value ofayo for a particular beam was subtracted from the

elevation data over all 70 range gates. While effectively re-After clarifying the velocity distortion details, we considered
moving the background variations, this procedure preserveghossible ways to implement corrections to the SuperDARN
information about the relative changecoWith distance. The velocity data. A very simple and reliable technique was pro-
resulting histograms in the top panel of Fid. show an ap- posed byGillies et al.(2009 based on using elevation data
parently constant elevation fer=0.5 and 1.5 and argue for for directly estimating the refractive index at the scatter loca-
the high-angle mode of propagation of the F-region backscattion. Importantly, this technique fully relies on SuperDARN
ter. Notably, the 1.5-hop echoes exhibit on average lawer data and does not require any supplementary measurements.
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Fig. 12. Simulated velocity distortion magnitudes without (top
. . . . . 1) and with (bottom panel) correction for a non-unity refractive
Fig. 11. El h h f rpane .
ig evation histograms presented in the same format as i index based om(k,, ) for a range of ratiosf, /fo. Repeatable

Fig. 10 except that the elevation data for each beam in each scarrl nge patterns correspond to consecutive hops (up to 3.5-hop mode
were centred on the gate 22 elevation value. This procedure allowe‘;ia gep P ps {up ' P

for the removal of ionospheric variability effects from the elevation or fer /fo=0.75).
vs. range dependence (see text for comments).

sonable to just use the critical frequencies at the respective
grange gate locations for estimating the effective refractive in-
dex values. In this case the velocity magnitude would gen-
grally be over-estimated, but the related systematic errors are
uch smaller compared with the uncorrected data even for

Unfortunately, not all of the SuperDARN radars are equippe
with the interferometer arrays enabling elevation angle mea
surements. Also, as we mentioned before, this technique i
designed for a spherically stratified ionosphere, and strong{“ ; . -
horizontal gradients may significantly distort its outcome. ~ the multi-hop backscatter except the “nose” of the orthog-

Alternatively, it is possible to apply corrections based ONality contour. To illustrate this, in Figl2 we compare
on integrating the ray-tracing simulation results describegMagnitudes of the simulated velocity errors for uncorrected

in the previous section. This approach requires knowl-dat@ (top) and data corrected using ol r) (bottom)
edge of a 2-D distribution of electron density and magneticOVer @ rangefc/fo values. These results were obtained for
field orientation, which may be obtained from ionospheric & SPherical geometry, a Chapman-like F-layg; %300 km,
and geomagnetic field models, e.g. International Referencd! =70 km) with no horizontal gradients, a#e:80°. For Su-

Ionospheré (IR1) and International Geomagnetic Reference perDARN ff/fo_: 0.3-0.7, so that, at worst, the maximum
Fiel2(IGRF). However, even in its simplest form, ray- possible distortion caused by the correction technique would
tracing is a very resource-consuming procedure. not exceed 10% compared with 25% or more for the uncor-

A compromise can be achieved based on the fact that thgected data. . , .
majority of the ionospheric echoes are provided by the 0.5- 10 test the validity of this approach with respect to exper-

hop backscatter (bottom panel in Fit0), which is domi- imental data, we applied it to the whole DMSP-SuperDARN
nated by high-angle rays propagating close to the maximunY€l0City comparison dataset used@ilfies etal, 2009. The
of the F-layer. As a result, the effective refractive index critical frequency values were obtained from the IRl model
value for the scattered signals is close to that at the maxifor given locations and times. Figuis3, 14 and15 present

mum of the layer (Fig9). Therefore, it seems to be rea- uncorrected data, data corrected fofBy change with alti-
tude (described in the Introduction), and data corrected for

Ihttp:/firi.gsfc.nasa.gov/ both theE /By ratio and the non-unity refractive index, re-
2www.ngdc.noaa.gov/IAGA/vmod/igrf.html spectively. The last plot exhibits a fitted linear model with
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Fig. 13. Scatter plot of magnetically co-located plasma drift veloc- Fig. 14. Same as in Figl3 but corrected forE /By ratio change
ity measurements by SuperDARN radars and DMSP satellites. Thevith altitude.
solid line represents a least-square linear fit.

DMSP vs SuperDARN (ExB and IRI correct|on)

a slope very close to 1, although the difference~d-6% ZOOOEY mtercept =7.29 i
seems to remain statistically significant. This remaining dis- “Slope=  0.94+/-0,01

crepancy could result from the fact that the electron density :F\I_um. Pts= (7)1952 Lo

at auroral latitudes is strongly affected by particle precipi- 1000 -

\
|
tations, and model critical frequencies supplied by the IRI }
model in some cases might be significantly underestimated. |

5 Summary and conclusions

erDARN velocity (m/s)

The persistent discrepancy between co-located plasma veg r

locity estimates by SuperDARN radars and DMSP satellites @ -1000

stimulated detailed studies of both physical and technical as-

pects of this problem. One of the possible sources of the

mismatch was related to the noticeable difference infths i 1

ratio due to the altitude shift between DMSP40 km) and 20000 L L .
. -2000 -1000 0 1000 2000

SuperDARN (300—-400 km) which can account for a 10 to DMSP Velocity (m/s)

15% increase of velocity magnitudes at the satellite loca-

tion. However, this is not enough to account for the ob-

served difference of 20-30%. Another source of the discrepFig. 15. Same as in Figl3 but corrected for both£ /B ratio

ancy is based on the assumption about free-space propagehange with altitude and non-unity of refractive index.

tion (n = 1), which is routinely used in SuperDARN soft-

ware for converting the experimental Doppler shifts into the

line-of-sight velocities. In this paper, the effects of non-unity caping and/or Pedersen rays while the bottom one relates to

refractive index on the radar velocity estimates were simu-the low-angle propagation mode, and both branches usually

lated using numerical ray tracing. Analyses of the simulatedcontribute to the signals scattered from a fixed range. There-

HF trajectories forfp > f. confirmed the existence of two fore, to model the average characteristics of the backscatter

branches in the orthogonality contout ( Bp) previously  echoes at the reception point it was necessary to consider

reported by other authors (e.4ndré et al, 1997. It was  weighting of the simulated ray-tracing points by the scat-

shown that the top branch of this contour is formed by the estered power. The scattered power was calculated according
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to Booker’s theory, assuming that the irregularity magnitudeBaker, K. B., Dudeney, J. R., Greenwald, R. A., Pinnock, M.,
is, on average, proportional to the background electron den- Newell, P. T., Rodger, A. S., Mattin, N., and Meng, C.-l.: HF
sity, 'AN2 oc N2. Under this assumption, the simulated echo radar signatures of the cusp and low-latitude boundary layer, J.
parameters for 0.5-hop echoes are dominated by the upper GEOphyS' Res., 100, 7671-7695, 1995. . y
branch of the orthogonality contour characterised by much>20ke" H- G2 A theory of scatering by nonisotropic irregularities

. . with application for radar reflections from aurora, J. Atmos. Terr.
larger N values, while for 1.5/2.5_-hop echoe_s it is generally Phys., 8, 2004-221, 1956,
smaller and depends on the horizontal gradients of the eleCChisham, G.. Lester, M., Milan, S. E., Freeman, M. P., Bristow,
tron density. Furthermore, our modelling predicted a nar- . A, Grocott, A., McWilliams, K. A., Ruohoniemi, J. M.,
row angular range for F-region echoes resulting from their veoman, T. K., Dyson, P. L., Greenwald, R. A., Kikuchi, T.,
Pedersen-like propagation. Statistical analysis of a month Pinnock, M., Rash, J. P. S., Sato, N., Sofko, G. J., Villain, J.-
of the elevation data from the Saskatoon radar showed high P., and Walker, A. D. M.: A decade of the Super Dual Auro-
similarity with the simulated data, providing a strong experi- ral Radar Network (SuperDARN): scientific achievements, new
mental support for the high-angle propagation scenario. Due techniques and future directions, Surv. Geophys., 28, 33-109,
to the proximity of the signal-forming area to the F-layer _ 90i:10.1007/s10712-007-9017-8, 2007. o _
maximum, a reliable estimate of the effective refractive in- C1isham. G., Yeoman, T. K., and Sofko, G. J.: Mapping ionospheric
dex can be obtained using the critical frequency of the iono- backscatter measured by the SUperDARN HF radars Part 1: A

. . Lo . new empirical virtual height model, Ann. Geophys., 26, 823—
sphere. Further simulation showed reliability of the velocity 841 200p8 g PRy

correction procedure based og; =,/ (1— f2/ foz). Finally, http://www.ann-geophys.net/26/823/2008/

applying bothE /B corrections and refractive index correc- Drayton, R. A., Koustov, A. V., Hairston, M. R., and Villain, J.-
tions based ory. from IRl model produced a very close re- P Com_panson of DMSP cross-track ion drifts and SuperDARN
semblance between the co-located DMSP and SuperDARN line-of-sight velocities, Ann. Geophys., 23, 2479-2486, 2005,
velocity estimates http://www.ann-geophys.net/23/2479/2005/

h . It of thi is th larificati f Gillies, R. G., Hussey, G. C., Sofko, G. J., McWilliams, K. A., Fiori,
The major result of this paper is the clarification o R. A. D., Ponomarenko, P., and St.-Maurice, J.-P.: Improvement

the propagation details for the ionospheric HF backscatter, ot syperDARN velocity measurements by estimating the index
which is of high potential importance for many HF radar ap-  of refraction in the scattering region using interferometry, J. Geo-
plications requiring an accurate knowledge of the location of phys. Res., 114, A07305, doi:10.1029/2008JA013967, 2009.
the effective scattering volume, especially multi-instrument Ginzburg, V. L.: The propagation of electromagnetic waves in plas-
studies. The additional knowledge on the HF propagation mas, Pergamon Press, Oxford, 1970.

details allowed us to develop and test a Doppler velocity cor-Greenwald, R. A., Baker, K. B., Hutchins, R. A., and Haniuse, C.:
rection procedure to account for the refractive index effects, An HF phased-array radar for studying small-scale structure in
which could significantly improve the accuracy and reliabil- _ the high-latitude ionosphere, Radio Sci., 20, 63-79, 1985.

ity of the SuperDARN data products. Furthermore, the dis-Gr¢enWald R- A., Baker, K. B., Dudeney, J. R., Pinnock, M., Jones,
. . . . T. B., Thomas, E. C., Villain, J. P., Cerisier, J. C., Senior, C., Ha-
tinct difference in elevation angle spread between the upper

aql ible for i heri d a4/ niuse, C., Hunsucker, R. D., Sofko, G., Koehler, J., Nielsen, E.,
and lower rays responsibie 1or I0nospheric and ground/Sea pejjinen, R., Walker, A. D. M., Sato, N., and Yamagishi, H.:

scatter, respectively, could be used for a more effective sep- DARN/SuperDARN: A global view of the dynamics of high-
aration of these components in SuperDARN echoes charac- |atitude convection, Space. Sci. Rev., 71, 761-795, 1995.
terised by low values of velocity and spectral width. Finally, Hysell, D. L., Kelley, M. C., Yampolski, Y. M., Beley, V. S.,
in future work we will analyse in detail the contribution from Koloskov, A. V., Ponomarenko, P. V., and Tyrnov, O. F.: HF radar
the integral term in Eq.5), which describes effects of non- observations of decaying artificial field-aligned irregularities, J.
stationary processes on the overall Doppler shift. Geophys. Res., 101, 2698126993, 1996.
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