






VHM curve corresponding to 1
2
‐hop backscatter from E‐region irregularities. However for the other frequency

bands, the elevation‐range distributions in each of the three rows no longer agree with one another. Only when

calculating elevation angles using the tdiff value from the center row (−380 ns, pink outline) do the distributions

behave similarly at each frequency band while also qualitatively aligning with the Chisham VHM at all observed

ranges. This improvement in the model/data alignment suggests that all frequencies are well represented by the

new tdiff value.

While this tuning procedure may be performed manually to find the optimal tdiff value for all frequency bands, in

practice an automated procedure is desirable given the large data set from the more than 30 continuously operating

SuperDARN radars. Here we describe a simple two‐step minimization procedure that has been found to quickly

determine the appropriate tdiff, examples of which are shown in the following sections.

First, we organize the observations from a given radar according to operating frequency. Typically we select bin

sizes of 2 MHz spanning from 8 to 18 MHz, depending on the available frequency distribution; using a frequency

resolution smaller than 1 MHz comes at significant computational cost and has not shown an improvement in

calibration performance. Ideally, the upper and lower frequency bounds should be separated by at least 5 MHz to

ensure this technique's ability to fully resolve the 2π ambiguity when estimating tdiff (see Section 4 for more

details).

In the first stage of the minimization process, we calculate elevation angles using the generalized algorithm of

Shepherd (2017) for each frequency bin and each value of tdiff over the range−1,000 to+1,000 ns at steps of 5 ns.

This search range of ±1,000 ns is based on the maximum physical distance between the main and interferometer

antenna arrays, as well as the largest tdiff value currently listed in the SuperDARN analysis software (−498 ns).

Using the median difference between the values of a VHM and the calculated elevation angles for each frequency

bin, we select the tdiff value with the minimum total of median differences for all frequency bins. The second step

is to repeat the minimization process over a smaller range (±10 ns) centered about the tdiff value determined in the

first step, using 1 ns steps. As with the frequency bin selection, a finer resolution in tdiff may be applied at each

stage at the expense of increased computational time.

Note there are currently three available SuperDARN VHMs: the “standard” VHM (Greenwald et al., 1985), the

Chisham VHM, and the Christmas Valley VHM (Thomas & Shepherd, 2022, hereafter referred to as the CV

VHM). Both the standard and Chisham VHMs are restricted to IS only, while the CV VHM has separate models

for IS and GS propagation modes. In the next sections we use the CV VHM rather than the Chisham VHM to

allow inclusion of both IS and GS observations in our analysis.

3. Common Mode Data

To our knowledge, the earliest available multi‐frequency SuperDARN observations with quality interferometer

data were collected by the Goose Bay radar (GBR) during standard operations from January to March 1994 on

four frequency bands: 11.5–12.0, 12.3–13.0, 14.4–14.9, and 16.4–16.9 MHz. Figure 3 shows joint probability

distributions of (top) IS and (bottom) GS observations by GBR during this 3‐month interval divided into 0.5°

elevation and 45 km range bins and normalized in the same fashion as Figure 2. Each column corresponds to a

different frequency band, and the CV VHM is overlaid on each panel in blue for reference.

The elevation angles in Figure 3 are calculated using the tdiff value of 487 ns listed for GBR in the SuperDARN

analysis software for these dates (SuperDARN Data Analysis Working Group et al., 2022). While observations

from a high‐latitude radar such as GBR are not expected to perfectly align with the CV VHM (which was derived

from mid‐latitude observations), the data and model curves do not agree for any of the four frequency bands. More

importantly, all but the nearest range data are mapped to very high elevation angles, which Chisham et al. (2021)

demonstrated to be a likely symptom of an incorrect tdiff value (e.g., Figure 1a).

Applying the multi‐frequency calibration technique suggests a tdiff value of 457 ns, the result of which can be seen

in Figure 4. Here we see the IS and GS measurements are now much better aligned with the CV VHM at all four

frequency bands, with a few notable exceptions. The GS distributions in both the 10–12 MHz (Figure 4e) and 16–

18 MHz (Figure 4h) bands show the opposite behavior for ranges beyond 1,500 km and elevation angles above

20°, with elevation increasing instead of decreasing at farther ranges. These regions are likely associated with

observations from the backlobe, which is a well‐known characteristic of the log‐periodic antenna design used by
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multi‐frequency calibration approach. Unfortunately, there are several challenges associated with the original

sounding mode data files, including their minimally documented binary format and limited distribution.

Furthermore, the elevation angles stored in the sounding data files were calculated using on‐site processing

software at the radars, seemingly preventing any calibration using post‐processing techniques (e.g., Chisham

et al., 2021).

Nevertheless, sounding mode files from a subset of radars have been recovered for various times over the years

2005–2018. By making an educated assumption about the original tdiff and interferometer offset values applied by

the on‐site FITACF software, one can convert the recorded elevation angles back to the observed phase differ-

ences (ψobs) such that post‐processing calibration techniques can be applied in pursuit of a different tdiff. Using the

notation of Shepherd (2017), this conversion takes the form

ψobs = 2πfTX [Y
c
(cos2ϕ0 − sin2 α)1

2 − tdiff] − 2nπ (2)

where fTX is the radar operating frequency, c is the speed of light in free space, Y is the geometric separation

between the main and interferometer antenna arrays along the array normal direction (with +Y in the direction of

the array normal), α is the elevation angle, ϕ0 is the azimuthal beam direction at α = 0° (horizontal) set elec-

tronically by the radar hardware, and n is the integer ambiguity introduced by the separation of the main and

interferometer antenna arrays. This expression is equivalent to the original elevation angle equation (e.g., André

et al., 1998; Milan et al., 1997) that did not account for interferometer offsets in the X‐ or Z‐directions.

We applied this technique to the TIGER Bruny Island (TIG) radar, which operated the sounding mode peri-

odically from 2005 to 2011. Figure 5 shows joint probability distributions of elevation angle and slant range for

GS echoes observed by TIG for the entire month of December 2005 as extracted from the sounding mode files.

Each of the nine panels corresponds to a different sounding frequency, and the GS component of the CV VHM

is again overlaid in blue for reference. Based on current and historical versions of the TIG information in the

SuperDARN analysis software, we have assumed a tdiff value of 0 ns and an interferometer offset solely in the

Y‐direction of 100 m were used in the original on‐site calculation of these elevation angles. Note the vertical

striping in Figure 5 is due to the integer precision of the elevation angles (and all other parameters) stored in the

sounding mode files.

The TIG elevation‐range distributions appear quite reasonable at frequencies above 14.4 MHz (Figures 5f–5i).

Below 14.4 MHz, however, the majority of the data at each range are mapped to very large elevation angles,

similar to the GBR results in Figure 3. Applying the multi‐frequency calibration technique suggests a tdiff value of

−60 ns, the result of which can be seen in Figure 6. The GS distributions at higher frequencies remain largely

unchanged from those in Figure 5, while at lower frequencies they are now in much better agreement with the CV

VHM. This result (or agreement) can be understood in terms of the inherent 2π measurement ambiguity of

SuperDARN interferometry, as 60 ns corresponds to the period of a 16.7 MHz wave, which lies near the middle of

the upper TIG sounding frequencies (14.4 MHz/69.4 ns and 18.2 MHz/54.9 ns). An equivalent set of figures

showing the pre‐ and post‐calibrated TIG sounding mode results for IS echoes are available in the Supporting

Information S1.

Beginning in April 2023, network‐wide sounding mode experiments have been conducted for three consecutive

days each month using an updated version of the radar control software originally developed by Hughes

et al. (2002). The sounding mode data are now stored using the same format as the standard SuperDARN

RawACF and FitACF files and can be processed using the open source Radar Software Toolkit (RST) (Super-

DARN Data Analysis Working Group et al., 2022). The new data files also retain the observed phase differences

(ψobs) for easier application of post‐processing calibration techniques. Note the multi‐frequency data from the

ICW radar shown in Section 2 were obtained using this new sounding mode. In Table 1, we provide tdiff estimates

for each of the participating SuperDARN radars found by applying the multi‐frequency calibration approach to

the 2023 sounding mode data. We hope the values in Table 1 will not only aid researchers attempting to use

elevation data from these radars but also aid in future comparisons against other interferometer calibration

techniques.
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is therefore not always possible to apply this technique to historical observations for resolving the 2π ambiguity in

tdiff if a radar did not collect data at a range of different operating frequencies.

An outstanding issue affecting many studies involving line‐of‐sight SuperDARN observations is the accurate

classification of ionospheric and ground backscatter sources. This is particularly an issue when a radar's obser-

vational geometry is perpendicular to the ionospheric flow direction, and also at mid‐latitudes where the velocity

of quiet‐time ionospheric irregularities can be as low as a few tens of meters per second (Maimaiti et al., 2018;

Ribeiro et al., 2012; Wang et al., 2022). Several techniques for improved classification of backscatter sources

have been developed in recent years (e.g., Bland et al., 2014; Burrell et al., 2015; Kong et al., 2024; Kunduri

et al., 2022; Ribeiro et al., 2011), which could be used to pre‐process input data before applying the multi‐

frequency calibration technique to obtain improved tdiff estimates.

Another source of uncertainty is associated with the use of a VHM for comparison with elevation angles

calculated for different values of tdiff at different radar operating frequencies. For example, the Chisham VHM

was derived using 5 yrs of data from a single high‐latitude radar (Saskatoon) during solar cycle 23, while the more

recent CV VHM was derived using 5 yrs of data during solar cycle 24 from two mid‐latitude radars. HF prop-

agation conditions are known to vary based on local time, season, and solar cycle conditions. Therefore, use of the

Chisham or CV VHM may not be appropriate for all radars under all geophysical conditions. More fundamen-

tally, this technique also assumes that tdiff was properly calibrated when deriving the VHM. For the Chisham and

CV VHMs, tdiff estimates were obtained using engineering measurements of the Saskatoon (SAS) and Christmas

Valley radar hardware, respectively. Similar to RKN, SAS has also been upgraded to new digital hardware since

collecting the data used to derive the Chisham VHM, and therefore any tdiff estimates from that time are not

relevant to the 2023 estimate of 5 ns given in Table 1. The hardware at the CV radars has not significantly

changed, however, and so the values in Table 1 are the same as those used to derive the CV VHM.

Thomas and Shepherd (2022) demonstrated that, in a climatological sense, HF propagation modes for backscatter

from ionospheric irregularities are similar at both auroral and mid‐latitudes. In the absence of more compre-

hensive VHMs, which can describe a broader range of HF propagation conditions, we believe the CV VHM is

currently best suited for this multi‐frequency calibration technique as it allows for the inclusion of a significantly

Figure 7. Comparison between the results of different tdiff estimation methods for the Rankin Inlet (RKN) radar from

September 2011 to December 2013. Monthly average estimates from the multi‐frequency sounding data (SND) are shown as

red diamonds. The meteor scatter estimates of Chisham (2018) averaged over 10 days intervals for the 10–12 and 12–14 MHz

frequency bands are shown as black squares and blue circles, respectively. A gray dashed line overlaid at 0 ns corresponds to

the current hardware value listed for RKN in the SuperDARN analysis software.
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larger amount of input data as opposed to VHMs that only support ionospheric propagation modes. Improved

performance could also be achieved by adjusting the ranges at which the VHMs change from one propagation

mode to another as a function of frequency. This behavior can be clearly seen in Figure 6, where the transition

between 1‐hop E‐region GS and 1‐hop F‐region GS varies from ∼1,000 km at 9.4 MHz to ∼1,700 km at

18.2 MHz, while the CV VHM transition remains fixed at 1,140 km.

Of course, the underlying principle behind the multi‐frequency calibration approach (i.e., to account for the 2π

measurement ambiguity in the observed phase difference) does not require the use of a VHM at all. This technique

can be generalized to any of the other calibration techniques using meteor echoes or other IS or GS targets simply

by comparing results at multiple (well‐spaced) radar operating frequencies. Or, the multi‐frequency method as

described here could be applied first to provide a rough estimate of tdiff for all frequencies, which could then be

further refined using another technique. We must also note that our approach assumes tdiff to be frequency in-

dependent, which has held true for all of the SuperDARN radars evaluated so far.

Finally, caution must be exercised when applying the multi‐frequency (or any other) tdiff calibration technique to

data from multi‐channel “Stereo” SuperDARN radars (Lester et al., 2004). In this design, signals received by each

channel follow separate paths through the radar hardware and therefore may be associated with different tdiff

values as discussed by Chisham et al. (2021). Prior findings of frequency‐dependent tdiff estimates for the Stereo

Hankasalmi radar (e.g., Burrell et al., 2016) are likely a channel‐dependent feature instead.

7. Summary

In this study we have presented a new approach for calibrating SuperDARN interferometer measurements that

can be applied to even the earliest available data. Using both ionospheric and ground backscatter observations

from a diverse set of radar operating frequencies, one can identify the time delay correction factor (tdiff) associated

with the electrical path length difference between the antenna arrays that best agrees with empirical HF propa-

gation characteristics at all frequencies. We have successfully applied this technique to obtain tdiff estimates for a

dozen radars using multi‐frequency observations from the past year. By regularly conducting multi‐frequency

sounding campaigns, this technique can allow for continuous calibration of elevation angles and therefore

improved geolocation of all SuperDARN backscatter observations.

Data Availability Statement

The raw SuperDARN data used in this study are available from the British Antarctic Survey SuperDARN data

mirror (https://www.bas.ac.uk/project/superdarn/#data). While data for this study were accessed from the British

Antarctic Survey, they may also be obtained from the Canadian Federated Research Data Repository (FRDR) at

https://www.frdr‐dfdr.ca/repo/collection/superdarn (Super Dual Auroral Radar Network, 2021). The Radar

Software Toolkit to read and process the SuperDARN data can be downloaded from Zenodo (SuperDARN Data

Analysis Working Group et al., 2022).
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