
URSI GASS 2021, Rome, Italy, 28 August - 4 September 2021

Empirical virtual height characteristics of ionospheric and ground scatter observed by the
mid-latitude Christmas Valley SuperDARN HF radars

Evan G. Thomas* and Simon G. Shepherd
Thayer School of Engineering, Dartmouth College, Hanover, NH, USA

Abstract

The ground-based, high-frequency (HF) space weather
radars of the Super Dual Auroral Radar Network (Super-
DARN) utilize ionospheric refraction to routinely measure
the Doppler velocity of backscatter echoes from E- and F-
region plasma irregularities out to ranges of several thou-
sand kilometers. An important byproduct of this sky-wave
propagation is the occurrence of ground scatter echoes from
land and ocean surfaces along the radar signal path. While
these ground scatter returns are often treated as noise when
producing global maps of ionospheric plasma motion, they
can be useful for monitoring different geophysical phenom-
ena such as traveling ionospheric disturbances or HF ab-
sorption caused by solar flares. In this study, we evaluate
the accuracy of existing virtual height models used for ge-
olocation of both ionospheric and ground backscatter us-
ing 5 years of data from the mid-latitude Christmas Valley
SuperDARN radars, and propose new models suitable for
correctly mapping both scatter types.

1 Introduction

Accurate geolocation of sky-wave radar signals requires re-
liable information of the ionospheric electron density dis-
tribution between the radar and backscattering volume [1].
Ray-tracing algorithms can be used to determine the prop-
agation path of a high-frequency (HF) radar signal through
the ionosphere by iteratively solving the Appleton-Hartree
equation for the index of refraction [2]. Unfortunately, mea-
surements of the ionospheric electron density profile are un-
available over much of the Earth, and climatological mod-
els such as the International Reference Ionosphere (IRI) [3]
are unable to predict the highly variable conditions found
within the auroral/polar ionosphere or at lower latitudes un-
der disturbed geomagnetic conditions.

Two well-documented approaches have been developed for
the geolocation of Super Dual Auroral Radar Network (Su-
perDARN) ionospheric scatter (IS) echoes. The first tech-
nique uses the measured range and the elevation angle cal-
culated from the measured phase difference of the signal re-
ceived at the primary and secondary antenna arrays to deter-
mine the virtual height of the scattering volume and there-
fore an estimate of the ground range [4, 5]. The second

technique uses an empirical virtual height model (VHM)
which varies as a function of range and assumes 1

2 -hop
propagation [6]. Of the two approaches, the first technique
using measured elevation information provides a more ac-
curate ground range solution, however not all SuperDARN
radars collect reliable elevation angle measurements due to
issues such as hardware calibration [7, 8]. Therefore, the
standard SuperDARN geolocation software uses an empir-
ical VHM by default.

Neither of the above techniques as currently implemented
in the SuperDARN geolocation software is appropriate for
mapping ground scatter (GS) echoes to the Earth’s sur-
face. Furthermore, the existing SuperDARN VHMs were
designed for mapping IS observed by the original high-
latitude radars looking poleward into the auroral ionosphere
and therefore may not be suitable for use with the more re-
cently constructed mid-latitude radars [9]. Our goal is to de-
velop an empirical VHM suitable for mapping mid-latitude
SuperDARN IS and GS echoes to their correct ground range
and geographic locations.

2 Data and Methodology

Figure 1. Nominal fields of view of the Christmas Valley
West (CVW) and East (CVE) radars in geographic coor-
dinates, shaded orange and red respectively. Selected az-
imuthal beam numbers are labeled for each radar and con-
tours of constant geomagnetic latitude are overlaid in blue.

In this study we use 5 years (2014–2018) of data from the
mid-latitude Christmas Valley East (CVE) and Christmas



Valley West (CVW) pair of co-located SuperDARN radars
(Figure 1). More than 450 million backscatter measure-
ments are available from each radar during this period, of
which approximately 20% are identified as IS and 80% as
GS echoes using the default SuperDARN criteria:

|v|+ w
3
< 30 m/s (1)

where v is the fitted Doppler velocity and w is the spectral
width. Note that echoes from meteor trails at near-ranges
or slow-moving IS may be mis-identified as GS using the
simple empirical criteria of Equation 1.
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Figure 2. Schematic of (a) 1
2 -hop, (b) 1-hop, (c) 1 1

2 -hop,
and (d) 2-hop HF propagation geometries as a function of
slant range r, elevation angle α , and virtual height h, assum-
ing a spherical Earth with radius RE . Blue diamonds indi-
cate ionospheric backscatter locations, while red diamonds
indicate the ground range associated with each ionospheric
or ground backscatter location. Cyan and black diamonds
indicate ionospheric and ground reflection points, respec-
tively, while the yellow star at zero ground range indicates
the radar location.

From the measured slant range r and elevation angle α , the
corresponding virtual height hN for any N-hop propagation
mode (assuming a spherical Earth with radius RE ) can be
found using:

hN(r,α) =
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2N

)2
+
( r

N
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]1/2

−RE (2)

where integer values of N (e.g., 1, 2, 3, etc.) correspond to
GS propagation modes while fractional values of N (e.g.,
1
2 , 1 1

2 , 2 1
2 , etc.) correspond to IS propagation modes. The

geometry of a few representative IS and GS propagation
modes are shown in Figure 2 for an assumed F-region vir-
tual height of 300 km. The ground range GN to each IS
or GS echo for any N-hop propagation mode can then be
found using:

GN(r,α,hN) = 2NRE sin−1

[( r
2N

)
cos(α)

RE +hN

]
(3)

In this manner we can assess the accuracy of the standard
SuperDARN VHM by comparing its ground range predic-
tions for both IS and GS echoes to their true ranges obtained
using Equations 2 and 3. It will therefore be important to
identify the propagation mode of the HF backscatter echoes
for correct ground range determinations. Note that for this
summary paper, we will only show results from the CVE
radar (although they are largely similar to the CVW results).

3 Results

The top row of Figure 3 shows the joint probability distri-
bution of elevation angle and slant range mapped to virtual
height observed by the CVE radar for IS (left column) and
GS (right column) assuming a 1

2 -hop propagation mode,
with the standard SuperDARN VHM overlaid in blue. Here
the probability distributions have been normalized by the
maximum occurrence in each range bin. For the IS shown
in Figure 3a, the standard VHM correctly predicts the vir-
tual height of the 1

2 -hop E-region scatter observed for slant
ranges between 150 and 600 km. However, the virtual
height of the F-region scatter observed beyond ∼600 km
slant range quickly rises away from the standard VHM pre-
diction (which is fixed at 300 km) to greater virtual heights.
Figure 3c shows the same distribution but assuming the IS
observed beyond 2250 km is associated with a 1 1

2 -hop F-
region propagation mode, resulting in virtual heights closer
to the standard VHM prediction at 300 km.
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Figure 3. Normalized probability distribution of slant
range and virtual height observed by the CVE radar for
(a) ionospheric and (b) ground scatter assuming a 1

2 -hop
propagation path, with the standard virtual height model
overlaid in blue. (c) Same probability distribution for iono-
spheric scatter as panel (a) but assuming a 1 1

2 -hop propaga-
tion mode for slant ranges beyond 2250 km (vertical dashed
line). (d) Same probability distribution for ground scatter as
panel (b) but assuming a 1-hop propagation mode for slant
ranges up to 3240 km (vertical dashed line) and a 2-hop
propagation mode for further ranges. Difference in ground
ranges for (e) ionospheric and (f) ground scatter from pan-
els (c) and (d) compared to application of the standard vir-
tual height model; positive values indicate the true ground
range is closer to the radar than suggested by the model.



For the GS shown in Figure 3b, a 1
2 -hop assumption should

not yield an accurate virtual height unless the backscatter
echoes have been mis-identified due to the criteria in Equa-
tion 1. The distribution observed between 100 and 500 km
slant range is located at an unphysically low virtual height
(∼50 km) when mapped using a 1-hop assumption (Fig-
ure 3d), suggesting it is likely associated with backscatter
from either meteor trails or E-region irregularities. Simi-
larly, it is ambiguous whether the intermediate distribution
located between 500 and 1200 km slant range belongs to
either a 1

2 -hop F-region (IS) or 1-hop E-region (GS) propa-
gation mode. Upon close examination of the statistical dis-
tributions, we have identified a likely transition from 1- to
2-hop F-region GS at ∼3240 km slant range.

The bottom row of Figure 3 shows the difference in ground
range for the IS in Figure 3c and GS in Figure 3d when
compared to using the standard VHM. In this way, we see
how the standard VHM can incorrectly map 1

2 -hop F-region
IS ∼50–400 km further from the radar than its actual dis-
tance, and 1 1

2 -hop IS ∼100–600 km further away (Fig-
ure 3), depending on its slant range. Similarly, the standard
VHM incorrectly places 1- and 2-hop GS ∼100–500 km
further from the radar than its actual distance.
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Figure 4. Normalized probability distribution of slant
range and virtual height observed by the CVE radar for (a)
ionospheric and (b) ground scatter using the same propa-
gation assumptions as Figures 3c and 3d respectively, with
the maximum occurrence at each range overlaid in blue.
(c) Same probability distribution for ionospheric scatter as
panel (a) but with the low-order polynomial fit to the maxi-
mum occurrence overlaid in blue. (d) Same probability dis-
tribution for ground scatter as panel (b) but with the low-
order polynomial fit to the maximum occurrence overlaid
in blue. Difference in ground ranges for (e) ionospheric
and (f) ground scatter from panels (c) and (d) compared to
application of the two new virtual height models; positive
values indicate the true ground range is closer to the radar
than suggested by the model.

To address these shortcomings of the standard VHM when
applied to mid-latitude radar observations, we use these em-
pirical results to derive two independent VHMs which can
accurately geolocate IS and GS echoes, respectively. The

top row of Figure 4 again shows the normalized probabil-
ity distributions for IS and GS from Figures 3c and 3d,
where the blue curve now indicates the maximum occur-
rence at each range bin. A new IS VHM is derived by fitting
three low-order polynomials to the maximum occurrence of
the 1

2 -hop E-region (160–650 km), 1
2 -hop F-region (650–

2250 km), and 1 1
2 -hop F-region (> 2250 km) distributions

(Figure 4c). Similarly, a new GS VHM is found by fitting
three low-order polynomials to the maximum occurrence of
the 1-hop E-region (520–1150 km), 1-hop F-region (1150–
3240 km), and 2-hop F-region (> 3240 km) distributions
(Figure 4d). The bottom row of Figure 4 shows the result-
ing improvement in the ground ranges predicted by the new
VHMs, where the distribution corresponding to each propa-
gation mode is now centered about zero ground range error.

4 Summary

In this study, we have analyzed 5 years of data from the
mid-latitude Christmas Valley East and West SuperDARN
radars, consisting of more than 450 million backscatter
echoes from each site. We have demonstrated how the
virtual height and ground range for both ionospheric and
ground scatter propagation modes can be calculated from
the measured elevation angle and slant range for each
backscatter echo. The standard SuperDARN virtual height
model is shown to accurately determine the ground range
of 1

2 -hop E-region echoes, however there is a systematic
error in the ground range determination for 1

2 - and 1 1
2 -

hop ionospheric propagation modes placing the scattering
volumes too far from the radar. Likewise, 1- and 2-hop
F-region ground scatter propagation modes are also in-
correctly mapped several hundred kilometers further away
from the radar than their true location. We conclude by pre-
senting two new virtual height models which are optimized
for geolocating ionospheric and ground scatter propagation
modes (specifically for mid-latitude radars).
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