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Abstract Selected original analog telemetry tapes from three of the topside-sounder satellites of the
International Satellites for Ionospheric Studies (ISIS) program, namely Alouette 2, ISIS I, and ISIS II, were
used in an earlier project to produce more than ½ million digital topside ionograms; the resulting digital
topside ionograms from ISIS II were used to produce more than 86,000 globally distributed vertical topside
ionospheric electron density profiles Ne(h) that cover a time span of more than a solar cycle. These Ne(h) were
produced using the Topside Ionogram Scaler with True height algorithm auto-scaling software. Before
attempting to automatically process Alouette-2 or ISIS-I ionograms, a data-enhancement project was
initiated so as to increase the number of ionograms suitable for manual scaling and to increase the
auto-processing success rate. These enhancements were mainly to correct problems that often occurred
during the analog-to-digital conversion of the original telemetry tapes. Here we illustrate the improvements
made to the ISIS-I digital topside ionograms and compare Ne values at the satellite altitude and Ne(h)
profiles, based on the manual scaling of selected ionograms, to both the auto-scaled values and the
predictions of the International Reference Ionosphere 2016 model. The results indicate the need to improve
the available auto-processing software for the new ISIS-I digital ionograms and that International Reference
Ionosphere 2016 predicts midlatitude winter topside Ne values that are too high in the late morning and
at noon but too low in the early morning.

Plain Language Summary Data from the Alouette/ISIS topside-sounder satellites from the 1960s
and 1970s still provide some of the most useful information on the topside ionosphere on a global scale.
This region, that is, above the electron density peak near 300-km altitude, is not very well represented by
ionospheric models, yet it has a significant impact on advanced technological systems, such as navigation,
that depend on radio signals that traverse the entire ionosphere. This study builds on earlier investigations
and uses the latest digital files from the International Satellites for Ionospheric Studies-I satellite to
demonstrate the importance of these files, the challenges encountered in developing software to
automatically process them, and to indicate regions where the International Reference Ionosphere model is
in need of improvement.

1. Introduction

The four polar-orbiting Canadian-built and U.S. launched topside-sounder satellites Alouette 1 (circular 80°
inclination orbit at 1,000 km), Alouette 2 (elliptical 80° from 500 to 3,000 km), International Satellites for
Ionospheric Studies (ISIS) I (elliptical 88° from 565 to 3,500 km), and ISIS II (circular 89° at 1,400 km) were
included in the six-satellite ISIS program; the other two were the U.S. Explorer 20 (launched into an orbit simi-
lar to Alouette 1 and performed fixed-frequency ionospheric soundings) and Explorer 31 (same orbit as
Alouette 2) satellites (Jackson, 1986; Jackson & Warren, 1969). The latter satellite was also known as Direct
Measurements Explorer A and was launched together with Alouette 2. The four Alouette/ISIS satellites were
launched between 1962 and 1971, and each operated for 10 or more years to produce 60 satellite years of
swept-frequency ionospheric topside sounder observations. These sounders were designed as analog
systems, and the data were recorded on analog seven-track telemetry tapes at a globally distributed network
of telemetry stations as illustrated in Figure 2 of Benson and Bilitza (2009). Cost considerations prevented all
of the sounder data from being converted to 35-mm film topside ionograms. An Analog-to-Digital (A/D)
conversion project was conducted at the NASA/Goddard Space Flight Center to process some 16,000 of
the original telemetry tapes from Alouette 2, ISIS I, and ISIS II; more than 588,000 digital topside ionograms
were produced (Benson, 1996; Benson & Bilitza, 2009). The ISIS-II digital topside ionograms were
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automatically processed to produce more than 86,000 globally distributed vertical topside ionospheric elec-
tron density profiles Ne(h) using the Topside Ionogram Scaler with True height algorithm (TOPIST; Bilitza et al.,
2004; Huang et al., 2002). Some files that were auto-processed, however, yielded erroneous topside Ne(h) due
to incorrect starting conditions for the ionospheric reflection traces; this situation motivated changes to the
scheme for identifying sounder-stimulated plasma resonances and wave cutoffs in the TOPIST software for
the auto-processing of ISIS-II topside digital ionograms (Benson et al., 2012). Still, many of the ISIS-II digital
ionograms could not be auto-processed due to problems encountered during the A/D operation; the main
problem occurred when an ionogram frame-sync pulse could not be properly detected. A data-enhancement
project was initiated to overcome this limitation for the processing of topside digital ionograms from the
Alouette-2 and ISIS-I topside sounders (Benson et al., 2012; Wang et al., 2015). First priority was given to
the enhancement of the ISIS-I data because of the large number of digital ionograms available, the data time
span from 1969 to 1983, and because of the similar ionogram format to that of ISIS II (a few seconds of fixed-
frequency operation followed by swept-frequency operation to 10 or 20 MHz). ISIS I is a valuable complement
to ISIS II because it includes altitudes up to 3,500 km (well above the 1,400-km limit for ISIS II) where predic-
tions based on the International Reference Ionosphere 2016 (IRI-2016) model (Bilitza et al., 2017) are in great
need of improvement. While Benson et al. (2012) demonstrated the approach of this data-enhancement pro-
ject on some problem ISIS-I digital topside ionograms, the purpose of the present paper is to (1) present the
results of applying TOPIST auto-processing software (originally developed for ISIS-II) to produce thousands of
topside electron-density profiles from enhanced ISIS-I digital ionogram files recorded at one midlatitude tele-
metry station (Ottawa) over a time interval spanning more than a solar cycle, (2) check these auto-processed
files by comparing the results with manual scaling of selected ionograms, and (3) compare IRI-2016 predic-
tions, using the NeQuick option, to the auto-scaled and manual-scaled results.

2. TOPIST-Processed ISIS-II Topside Ne(h)

Most topside Ne(h) available after 1969 are from ISIS II. They are either from the hand scaling of 35-mm film
ionograms or from the auto TOPIST-processing of digital ionograms but most are from the latter (see Figure 1
a). Only slightly more than one third of the available ISIS-II topside digital ionograms (see Figure 1b) were cap-
able of being auto-processed by TOPIST, and not all of the output files produced Ne(h) profiles. (The label in
Figure 1a is not correct in the case of ISIS 2/TOPIST since these values in the histogram correspond to the
number of available TOPIST files rather than the number of profiles.) Many of the ISIS-II digital ionograms
did not yield Ne(h) because some of the sounding modes were either passive or fixed-frequency operation.
In the former, the sounder transmitter is off, but the receiver is sweeping in frequency; in the latter, the soun-
der transmitter and receiver are held at a selected frequency. While ionograms resulting from these condi-
tions are useful for investigating Ne gradients along the satellite orbit, auroral kilometric radiation and
other natural emissions, sounder-stimulated plasma resonances, and so forth, they will not contain swept-
frequency ionospheric reflection traces to invert into Ne(h). In addition, some of the ISIS-II ionograms with
reflection traces could not be auto-processed by TOPIST due to (1) incomplete reflection traces, (2) the pre-
sence of strong field-aligned reflection traces, spread F, or interference, (3) incorrect starting conditions due
to the misidentification of wave cutoffs and sounder-stimulated plasma resonances, or (4) problems with the
digital files due to difficulties encountered during the A/D processing of the analog telemetry tapes (and simi-
lar to those discussed in connection with the ISIS-I digital ionogram files in section 3).

TOPIST could not process many of the ISIS-II digital ionogram files, and it was often not clear why the proces-
sing failed. There were four possible outcomes for those that were processed: (1) the file could be processed,
but the reflection trace data were not sufficient to produce a Ne(h), (2) a Ne(h) could be produced, but it was
of the lowest quality (q = 1) due to severe spread F or the reflection traces calculated from the derived Ne(h)
did not agree very well with the auto-scaled traces, (3) the Ne(h) was considered to be of medium quality
(q = 2) because, even though the conditions for q = 1 were not present, the deduced height of the F peak
hmF2 differed from the IRI model value by more than 50 km or the foF2 value was considered to be greater
than the auto-scaled high-frequency cusp of the reflection trace, or (4) the Ne(h) was considered to be of the
highest quality (q = 3) because neither the conditions for q = 1 or q = 2 were present. These quality codes
were incorporated into the TOPIST software developed by Huang et al. (2002). In view of more recent work,
indicating that IRI hmF2 predictions can differ from observations by more than 50 km depending on season
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and time of day both in high (Themens et al., 2014) and mid-to-low (Sethi et al., 2008) latitudes, the quality
codes may not be as valuable as originally intended. While q = 1 is likely to indicate the presence of
spread F, comparisons between the TOPIST-derived and IRI-predicted hmF2 and foF2 values could lead to
a good TOPIST profile being downgraded to q = 2 and a bad TOPIST profile being rated as q = 3.

The question then is how to distinguish between bad and good TOPIST profiles. Benson and Bilitza (2009)
addressed this problem by comparing the Ne(h) profiles resulting from scaling ISIS-II topside digital iono-
grams using two different methods. One was based on TOPIST auto-processing, and the other was based
on manual scaling of the ionospheric reflection traces and using the true-height inversion program devel-
oped by Jackson (1969a). The accuracy of the latter has been investigated in detail in several studies:
Jackson (1969b) found the Alouette 1 and 2 topside Ne(h) profiles to provide accurate altitudes to within
about 20 km near the F-region peak Ne based on comparisons with rocket, incoherent scatter, and
ground-based ionosonde measurements; Whitteker et al. (1976) compared topside Alouette-2 and ISIS-I
Ne(h) and also ISIS-I and ISIS-II Ne(h) during polar-cap conjunctions between the satellites and found good
agreement among the remote measurements (within 10%); and Hoegy and Benson (1988) found agreement
between ISIS-I and ISIS-II Ne(h) profiles and Dynamics Explorer 2 Langmuir-probe Ne measurements near the
F-region peak to be within about 30% over a density range of more that two decades on three of four mag-
netic field-aligned conjunctions between the ISIS satellites and Dynamics Explorer 2; the agreement on the
fourth conjunction, which had less available data and occurred in a region of strong Ne irregularities, was
about 60%.

Benson and Bilitza (2009) used two ISIS-II ionograms for their comparisons between TOPIST auto-scaling and
manual scaling based on Jackson’s inversion routine; one from low latitudes and one from high latitudes. The
corresponding IRI profiles were also presented to see how well the model predictions compared with actual
observations. The low-latitude comparisons were very good except that the TOPIST profile extrapolated to a
lower hmF2 value. The corresponding IRI profile was observed to be about 24% below the TOPIST profile. In
the high-latitude comparison, the manual and TOPIST profiles agreed near the F-region peak but increasingly
differed, as the altitude increased, to a 14% difference (TOPIST with higher Ne values) at the 1,400-km satellite

Figure 1. Data sets available from the NASA Space Physics Data Facility at http://spdf.gsfc.nasa.gov/isis/isis-status.html as
of January 2009: (a) manually scaled topside Ne(h) from Alouette-1, Alouette-2, ISIS-I, and ISIS-II 35-mm film topside iono-
grams and the number of digital files resulting from the processing of all ISIS-II digital ionograms using TOPIST and (b)
digital topside ionograms from Alouette 2, ISIS I, and ISIS II selected to obtain global coverage and to complement the
earlier manually scaled data (note the factor of 2 change in scale relative to a). (Figure after Benson & Bilitza, 2009.)
ISIS = International Satellites for Ionospheric Studies; TOPIST = Topside Ionogram Scaler with True height algorithm.
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altitude. This difference at the satellite altitude was attributed to a signifi-
cant Ne gradient along the satellite path that affected the TOPIST interpre-
tation of the detected resonance and wave cutoff frequencies (TOPIST
assumes that gradients due to satellite motion can be neglected during
the analysis of an ionogram). The corresponding IRI profile, while agreeing
with the TOPIST and manually scaled profiles near the F peak, had Ne

values about 67% below the TOPIST values at the satellite altitude. This
increasing problem with the IRI model at high altitudes emphasizes the
value of ISIS I with the capability of providing global Ne values, well above
the 1,400-km limit of ISIS II, to improve IRI predictions.

Benson et al. (2012) checked the accuracy of the auto-processed TOPIST
ISIS-II topside Ne(h) with hand-scaled profiles produced in the 1960s (using
Jackson’s program) and available from the NASA Space Physics Data
Facility (SPDF). They found 248 topside ionograms that were processed
both ways, and 42 of the possible comparisons had high quality codes
(q = 3 for TOPIST) for each technique. Comparisons of these high-quality
cases indicated that 55% of the comparisons had differences in Ne at the
satellite altitude of 1,400 km of less than 10%, more than 85% had differ-
ences less than 20%, and less than 2.5% had differences greater than a fac-
tor of 2. In addition, three of the comparisons were checked by manually
scaling the plasma resonances and wave cutoffs from the corresponding
digital ionograms for an additional check of the Ne values at the satellite

altitude. In each case (one where the TOPIST and hand-scaled profiles agreed and two where they did
not), the manual scaling confirmed that the starting values of the hand-scaled profiles were correct. The
TOPIST plasma resonance and wave cutoff routine was improved based on these comparisons. This improved
version of TOPIST was used to automatically process the ISIS-I digital topside ionograms used in the
present work.

The distributions of the four possible outcomes of TOPIST processing of the ISIS-II digital ionogram data are
presented in Figure 2. There are 86,545 ISIS-II TOPIST Ne(h) (17,278 q = 3; 35,201 q = 2; 34,066 q = 1) and
28,725 ISIS-II TOPIST no-q files (including 225 with defective data), that is, without Ne(h) profiles, for a total
of 115,270 (the total given in Figure 1a included six TOPIST files with zero size). The totals indicate that when
TOPIST could automatically process ISIS-II ionograms to produce Ne(h) that about 60%were either of medium
or high quality, that is, with q = 2 or 3.

The large ISIS-II digital topside ionogram database, indicated in Figure 1b, has enabled a variety of scientific
investigations. For example, efficient search procedures were used to identify fixed-frequency ionograms
recorded during specific geomagnetic conditions to support a theoretical interpretation of a sounder-
stimulated plasma resonance that has remained a mystery for decades, that is, the resonance at the electron
gyrofrequency (Muldrew, 2006); the large ISIS-II digital topside ionogram database, and the large topside
Ne(h) database indicated in Figure 1a, enabled changes in high-latitude Ne(h) stimulated by large magnetic
storms to be compared with changes in solar-wind parameters (Benson et al., 2016); and the large TOPIST
Ne(h) database was used, together with higher-altitude Ne field-aligned profiles obtained by the Radio
Plasma Imager on the IMAGE satellite, to improve the empirical IRI model in the topside ionosphere and to
extend it into the plasmasphere (Reinisch et al., 2007).

3. Version-2 ISIS-I Digital Topside Ionograms

Version-2 ISIS-I topside digital ionograms have been produced and are available from the NASA/SPDF, from
the midlatitude (45°N, 284°E) Ottawa (OTT) telemetry station (80,496 files from 1969 to1983 are available;
Wang et al., 2015), the low-latitude (�1°S, 281°E) Quito (18,846 files from 1969 to 1972 are available telemetry
station), and the high-latitude (65°N, 212°E) University of Alaska (3,211 files from 1975, 1978, and 1979 are
available) telemetry station. These files are available from ftp://cdaweb.gsfc.nasa.gov/pub/data/isis/top-
side_sounder/ionogram_new_i1_cdf/isis1/. Currently, we are processing files from the midlatitude (33°S,
289°E) Santiago telemetry station. A major goal is to produce as many topside ionospheric Ne(h) as

Figure 2. Number of ISIS-II TOPIST Ne(h), broken down by quality codes:
q = 3 (highest quality; upper red-shaded areas), q = 2 (medium quality;
next-lower green-shaded areas), q = 1 (lowest quality; next-lower blue-
shaded areas), or “no q” (or a q value but defective data so that no Ne(h) was
produced; the lowest black-shaded areas). ISIS = International Satellites for
Ionospheric Studies; TOPIST = Topside Ionogram Scaler with True height
algorithm.

10.1029/2018RS006659Radio Science

BENSON ET AL. 1495

ftp://cdaweb.gsfc.nasa.gov/pub/data/isis/topside_sounder/ionogram_new_i1_cdf/isis1/
ftp://cdaweb.gsfc.nasa.gov/pub/data/isis/topside_sounder/ionogram_new_i1_cdf/isis1/


possible so as to expand the Ne(h) profile coverage in latitude, longitude, and epoch available from the
NASA/SPDF. Figures 3–5 were generated using the public data-display service of the NASA/SPDF CDAWeb
system (available from http://spdf.gsfc.nasa.gov/isis/isis-status.html), to illustrate some of the differences
between the original (version-1) files, designated as av for average files where the apparent-range
information was averaged to yield 15-km resolution, and the enhanced files designated as av2. Both have
good ionogram data, but the lack of proper frame-sync detection in the av files often prevented the
determination of frequency information. This lack of proper frame-sync detection is apparent by

Figure 3. Comparing available frequency information (0.1 to 10 MHz in the top panels) and file start times (each at a different altitude in the range from 1,200 to
2,200 km in the bottom panels) for av (left panels) and av2 (right panels) for Ottawa International Satellites for Ionospheric Studies-I data from 2334 to 2348 UT
on 25 January 1976. The 1.5-min portions between the arrows are presented in Figure 4 with the addition of sounder data.

Figure 4. Same as Figure 3 except for only the Ottawa International Satellites for Ionospheric Studies-I data from 2337:30 to 2339:00 UT on 25 January 1976, the
altitude scales are different, and the sounder data appear in the top panels. The 10-s portions between the arrows are expanded in Figure 5.
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comparing the number of av and av2 altitude steps in Figures 3 and 4. Each altitude step corresponds to the
satellite altitude at the time of ionogram frame sync-pulse detection during the A/D operation. After
correcting the frame-sync detection, it is possible to add the correct frequency information, as indicated in
the right panels of Figures 3–5, allowing the ionograms to be processed automatically, by software such as
TOPIST, to yield topside Ne(h).

4. Results Using Version-2 ISIS-I Ionograms

The auto-processing of version-2 ISIS-I digital topside ionogram files using TOPIST is not completely auto-
matic as about 5% of the files cause the software to stop. When the program stops, the offending file is
removed from the data set, and processing is resumed. More than 17,000 TOPIST files have been produced
from the processing of version-2 ISIS-I OTT files from 1969 to 1983. They are available from https://spdf.
gsfc.nasa.gov/pub/data/isis/topside_sounder/topist_ne_profile_ascii/OTT_45N_284E/. Not all of these files
contain Ne(h) profiles. There were a small number (327) that contained bad data, for example, **** appeared
in place of real values. There were many (8,245) that contained no profile information, so no quality flag (q
value) was given. Such a large number (almost half of the output files after excluding the bad data files) is
not surprising considering that ISIS I often operated in the D mode (two ionograms with the sounder “on”
followed by two ionograms with the sounder transmitter “off” but the sounder receiver “on”), so it was only
possible to have one half of a D-mode pass produce profiles. Also, sometimes an entire pass would be either
in a passive-only mode or operating at a fixed frequency where it would not be possible to get profiles. But
8,782 of the TOPIST files produced topside Ne(h) profiles (5,281 automatically flagged by the TOPIST software
as being of the lowest quality, that is, with q = 1; 3,189 with q = 2; and 312 with q = 3). Plotting about 200 of
these profiles and comparing each with those obtained from IRI-2016 to have some point of comparison, it
became clear that the TOPIST ISIS-I quality flags are not always reliable (most likely for the reasons stated in
section 2 pertaining to the ISIS-II TOPIST results). Sample comparisons are given in Figures 6 and 7, for each q
value, when the agreement in the topside ionosphere is good (within about 10%) and not good, respectively.
While the IRI-2016 profiles provide a helpful comparison, the most reliable way to determine if a particular
TOPIST profile is correct is to inspect the original ionogram. The inspection procedure is illustrated for the
two TOPIST highest quality Ne(h) profiles (q = 3) of Figures 6 and 7 in Figures 8 and 9, respectively.

Figure 5. Same as Figure 4 except for only the 10-s intervals of swept-frequency operation from 0.1 to 5 MHz during the Ottawa International Satellites for
Ionospheric Studies-I av (left) and av2 (right) ionograms from 2338:18 to 2338:28 UT on 25 January 1976. The altitude is the value at the start of the file.
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Note in Figure 8 that the TOPIST software correctly identified the electron gyrofrequency (H), the electron
plasma frequency (N), and the cutoff of the extraordinary trace at the satellite (X). This is not the case for
Figure 9 that presents the ionogram corresponding to the left panel of Figure 7 where there are major differ-
ences between the TOPIST q = 3 and the IRI-2016 Ne(h) profiles. In this case TOPIST identified H fairly accu-
rately, but it erroneously identified N, corresponding to the start of the ordinary-mode trace (O) at the
satellite, as being at the low-frequency side of 2H rather than its correct value near H as indicated by the
manually scaled values given in black type above the ionogram. This large error in auto-determination of
the electron plasma frequency at the satellite altitude led to the large excess of the electron density (relative
to the IRI-2016 profile) at the start of the TOPIST auto-scaled profile in the left panel of Figure 7.

The TOPIST software also contains a manual-scaling option. Using that option, and scaling the proper X trace
on the ionogram of Figure 9, leads to the results shown in Figure 10. This figure is a repeat of the left panel of
Figure 7 with the addition of the Ne(h) profile based on the TOPIST profile based on using the manual-scaling
option. This manually scaled TOPIST Ne(h) profile is considerably different than the auto-scaled TOPIST pro-
file, and it indicates that the IRI-2016 profile predicts a Ne value at the satellite altitude of 2,000 km that is
too high rather than too low.

Three of the profiles of Figures 6 and 7 are from ionograms from the same OTT ISIS-I satellite pass on day
50 (19 February) of 1969. TOPIST Ne(h) profiles from 12 of these ionograms, including the above three, are
presented in the left panel of Figure 11. The profiles are numbered according to increasing ionogram start
times as given in Table 1. Twelve distinct curves are not apparent since many of the profiles overlap over
most of their altitude range. There are eight red profiles (where the TOPIST auto-processing gave the high-
est rating of q = 3), three green profiles (corresponding to a TOPIST rating of q = 2), and one blue curve
(corresponding to the lowest TOPIST rating of q = 1); see Table 1 for the identification of these profiles by
profile number.

Three approaches were used in an attempt to determine which of the profiles in the left panel of Figure 11
were correct. First, the plasma resonances on all of the ionograms leading to these profiles were scaled, as in
Figures 8 and 9, to determine the electron density at the satellite [(Ne)sat]res, and these measured values were
then compared to the TOPIST-determined values [(Ne)sat]topist (corresponding to the top of each TOPIST pro-
file in the left panel of Figure 11). The five TOPIST profiles on the right of the figure (represented by the two

Figure 7. Same as Figure 6 except for TOPIST Ne(h) examples where the agreement with IRI-2016 in the topside ionosphere is not good. IRI = International Reference
Ionosphere; TOPIST = Topside Ionogram Scaler with True height algorithm.

Figure 6. TOPIST Ne(h) examples with q = 3 (left), 2 (middle), and 1 (right) with good topside agreement with the IRI-2016. IRI = International Reference Ionosphere;
TOPIST = Topside Ionogram Scaler with True height algorithm.
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red curves and the green curve) all had [(Ne)sat]topist values way above the [(Ne)sat]res values, that is, by more
than a factor of 2 (profiles 2 and 3), by more than a factor of 3 (profiles 1 and 5), and by more than a factor of 8
(profile 8). The seven TOPIST profiles on the left (4, 6, 7, and 9–12) had [(Ne)sat]topist values within 20% of the
[(Ne)sat]res values. The TOPIST and plasma resonance (Ne)sat values and their percentage differences are pre-
sented in Table 1. The largest difference is seen for profile 8. In this case the TOPIST auto-processing erro-
neously identified the plasma resonance at 3H as N. Recall that in the ISIS-I ionogram shown in Figure 9
that the TOPIST auto-processing erroneously placed N near 2H leading to the incorrect topside Ne(h) profile
in the left panel of Figure 7 (and corresponding to profile 1 in the left panel of Figure 11). The profiles from the
left panel of Figure 11 are presented in the right panel of Figure 11 with the superposition of the predicted
IRI-2016 profiles corresponding to each of the TOPIST profiles. The IRI-2016 predicted values [(Ne)sat]iri, corre-
sponding to the top of each TOPIST profile, were determined and compared with the [(Ne)sat]res values used
to check the TOPIST auto-scaling. The [(Ne)sat]iri values and their percentage differences relative to the
[(Ne)sat]res values are presented in Table 1. The IRI-2016 predictions are found to be too high by about 60%
during the early times in this midlatitude late morning winter satellite pass, when ISIS-I was near 2,000-km
altitude, but within about 30% during later times, as ISIS-I approached 1,600 km.

The second approach to investigate the profiles in the left panel of Figure 11 was to check the TOPIST auto-
scaled (Ne)max values near 200-km altitude by comparing them to hourly values of the Ottawa ground-based
ionosonde. The ISIS-I satellite was closest to this ionosonde location (45°N. Lat., 284°E. Long.) between the
recording of profiles 10 and 11 (at 1420:16 and 1420:45 UT on 19 February 1969 between 44.5° and 46.0°N.
Lat. at 286°E. Long.). As indicated in Table 1, the [(Ne)sat]topist values agree within 10% of the [(Ne)sat]res values
for profiles 10 and 11; the (Ne)max values near 200-km altitude for these profiles were 1.3 and 1.2 × 1012 m�3,
respectively. These values agree favorably with the hourly ionosonde values of 1.1 and 1.3 × 1012 m�3 at 1400
and 1500 UT on this day, respectively.

Figure 8. Part of the swept-frequency portion of the International Satellites for Ionospheric Studies-1 digital topside iono-
gram used to obtain the Ne(h) profiles in the left panel of Figure 6, that is, corresponding to the situation where the TOPIST
highest quality (q = 3) profile and the International Reference Ionosphere 2016 profile agree. The vertical scales on the right
and left give the time delay after each sounder pulse of 0.1-ms duration and the apparent range derived from the time
delay assuming free-space propagation, respectively. The two scales at the bottom provide the times after the ionogram
frame-sync pulse (upper scale) and the corresponding sounder frequency (lower scale). The manually scaled values for the
wave propagation cutoff frequencies and the frequencies of sounder-stimulated plasma resonances are indicated by the
black letters at the top of the ionogram (Z and X for the two branches of the extraordinary wave; H, 2H, and 3H for the
resonances at the electron gyrofrequency and its harmonics; N for the electron plasma frequency; and T and 2T for the
upper-hybrid frequency and its harmonic). Red letters above the black letters indicates the TOPIST auto-scaled values for
some of these features. The actual scaled and TOPIST values for the H, N, and X features are given within the ionogram.
(Ottawa International Satellites for Ionospheric Studies-I ionogram at 1969_050_1420:45 UT, 1,657-km HGT, 0919 GMLTM,
57.6° GMLAT, �6.3° GMLONG, 62.0 INVLAT.) TOPIST = Topside Ionogram Scaler with True height algorithm.
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The third approach was to manually scale the ionospheric reflection traces on the ISIS-I av2 digital ionograms
used to produce the TOPIST auto-scaled profiles in the left panel of Figure 11. The Jackson (1969a) inversion
routine, within the Burgess ISIS ionogram analysis software (available from the NASA/GSFC SPDF), was used
to derive the topside Ne(h) profiles. The resulting profiles are presented in the left panel of Figure 12 and
again in the right panel of Figure 12 with the addition of the corresponding profiles from IRI-2016. Note
how the manual scaling results of this figure correct the erroneous TOPIST auto-scaling of profiles 1, 2, 3, 5,
and 8 in Figure 11.

Thus, all 12 of the ISIS-I av2 topside digital ionograms listed in Table 1 were capable of producing accurate
topside Ne(h) profiles, as indicated by the manual scaling results presented in Figure 12, but only seven of
them could be correctly auto-processed by the TOPIST software (profiles 4, 6, 7, and 9–12 in Figure 11).
The erroneous auto-processing of the other five ionograms (leading to profiles 1, 2, 3, 5, and 8 in Figure 11
) was the result of the misidentification of sounder-stimulated plasma resonances and wave cutoff frequen-
cies that led to incorrect onsets of the Ne(h) profiles at the satellite altitude. Figure 12 clearly illustrates the
increasing departure of the IRI-2016 model from the true Ne with increasing altitude as discussed in connec-

tion with the right panel of Figure 11.

Next the full data set of more than 8,000 TOPIST Ne(h) OTT profiles
obtained between 1969 and 1983 was investigated. A histogram of the
occurrence of these profiles against the day of year showed a peak in early
December between days 335 and 345, and within that date interval, there
was another occurrence peak with magnetic latitude between 45° and 50°.
All of the available TOPIST Ne(h) OTT profiles from these intervals are
plotted in the left panel of Figure 13. These data were restricted into two
narrow time windows, again based on the availability of a large number
of profiles, in the middle and right panels of Figure 13. The predicted IRI-
2016 profiles for these two intervals are also shown (easiest to identify
by following the only curves that include a bottomside profile). A large
spread in the early morning profiles is observed in themiddle panel during
the 1-hr window centered on 04:00 magnetic local time, and most of them
are significantly above the IRI-2016 predictions. A much tighter grouping
of the profiles is observed in the right panel during the 1-hr window cen-
tered on 12:00magnetic local time, andmost of them straddle the IRI-2016

Figure 9. Same as Figure 8 except for the Ottawa ionogram recorded at 1415:52 on day 50 of 1969 corresponding to the
one used for the left panel of Figure 7. (2,011-km HGT, 0919 GMLTM, 43.4° GMLAT, �5.0° GMLONG, 51.7 INVLAT.)
TOPIST = Topside Ionogram Scaler with True height algorithm.

Figure 10. Same as the left panel of Figure 7 with the addition of the TOPIST
manual-scaled profile. IRI = International Reference Ionosphere;
TOPIST = Topside Ionogram Scaler with True height algorithm.

10.1029/2018RS006659Radio Science

BENSON ET AL. 1500



predictions in the 1,000- to 2,000-km altitude region. The plasma resonances and wave cutoffs were scaled on
several ISIS-I av2 ionograms corresponding to representative profiles (labels in the middle and right panels)
to determine [(Ne)sat]res values and compare them to the values [(Ne)sat]topist at the top of the TOPIST profiles
near 3,000-km altitude.

In the middle panel of Figure 13, the ratio [(Ne)sat]topist/[(Ne)sat]res was 0.52, 1.2, 2.4, and 2.9 for the curves
labeled 1, 2, 3, and 4, respectively. The top of the TOPIST profile labeled 2 was the closest to the observed
[(Ne)sat]res value of 2.1 × 109 m�3, the lower profile (1) was about one half the observed value of
3.1 × 109 m�3, and the two higher profiles (3 and 4) were considerably above their observed values (of
2.4 × 109 and 3.1 × 109 m�3, respectively). Thus, the most likely [(Ne)sat]res value is between 2 × 109 and
3 × 109 m�3 near 3,000 km during these early morning winter conditions, considerably above what an extra-
polation of the IRI-2016 value of 2 × 109 m�3 at 2,000 to 3,000 km would yield. Based on these comparisons
with the manually measured values, it appears that the scatter in the TOPIST profiles in the middle panel of
Figure 12 may be due more to problems with the TOPIST auto-processing than to Ne variations.

Figure 11. (left) Topside Ionogram Scaler with True height algorithm Ne(h) profiles from 12 Ottawa International Satellites
for Ionospheric Studies-I topside ionograms from the satellite pass over Ottawa on day 50 (19 February) of 1969 from
1415:52 to 1421:44 UT in blue, green, and red for q = 1, 2, and 3, respectively. The profile numbers refer to the information
given in Table 1. The three profiles from Figures 6 and 7 recorded on this day are included (profiles 11 and 12 correspond to
the left and right panels of Figure 6, respectively; profile 1 corresponds to the left panel of Figure 7). (right) The same
selection of profiles with the addition of the corresponding 12 IRI-2016 profiles (black curves). IRI = International Reference
Ionosphere.

Table 1
The Universal Times on Day 50 of 1969 of the 12 Topside Ne(h) Profiles of Figure 11 (Followed by an r, g, or b Designating the Red, Green, or Blue Curves, Respectively, in
Figure 11) and the Corresponding Values of [(Ne)sat]res, [(Ne)sat]topist, [(Ne)sat]iri in Electrons Per Cubic Meter and the Percentage Increases of [(Ne)sat]topist, and [(Ne)sat]iri
Above [(Ne)sat]res Based on the 12 International Satellites for Ionospheric Studies-I Ionograms With Start Times From 1415:52 to 1421:44 as the Satellite Descended From
an Altitude of 2,005 to 1,590 km

Profile UT [(Ne)sat]res (m
�3) [(Ne)sat]top (m�3) [(Ne)sat]iri (m

�3) (top-res)/res (%) (iri-res)/res (%)

1 1415:52 r 5.6 × 109 1.7 × 1010 7.9 × 109 204 41
2 1416:21 r 4.9 × 109 1.1 × 1010 7.9 × 109 124 61
3 1416:51 r 4.9 × 109 1.1 × 1010 8.1 × 109 124 65
4 1417:20 g 4.9 × 109 5.7 × 109 8.1 × 109 16 65
5 1417:49 r 5.1 × 109 1.9 × 1010 8.3 × 109 273 63
6 1418:19 r 5.2 × 109 5.1 × 109 8.3 × 109 2 60
7 1418:48 g 5.7 × 109 6.4 × 109 8.5 × 109 12 49
8 1419:17 g 6.25 × 109 5.1 × 1010 8.5 × 109 716 36
9 1419:47 r 6.4 × 109 7.2 × 109 8.75 × 109 13 37
10 1420:16 r 7.0 × 109 7.7 × 109 8.75 × 109 10 25
11 1420:45 r 7.7 × 109 8.3 × 109 9.0 × 109 8 17
12 1421:44 b 8.4 × 109 9.6 × 109 9.2 × 109 14 10

Note. The satellite altitude determines the upper limit of the Topside Ionogram Scaler with True height algorithm profiles in Figure 11; the International Reference
Ionosphere 2016 profiles all extend up to the 2,000 km upper limit of the model.
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In the right panel of Figure 13, the [(Ne)sat]res values were 1.5 × 109 and 3.2 × 109 m�3, and the corresponding
[(Ne)sat]topist/[(Ne)sat]res ratios were 4.0 and 3.3 for the curves labeled 1 and 2, respectively. Extrapolating the
IRI-2016 profile, above its current 2,000-km altitude limit, to altitudes corresponding to the tops of the TOPIST
profiles would yield a predicted Ne value considerably above the observed [(Ne)sat]res values. Thus, the IRI-
2016 noontime winter midlatitude prediction would be too high.

The above conclusions, concerning the accuracy of selected auto-scaled TOPIST profiles in Figure 13 and their
relationship to IRI-2016 predictions, were based on scaling the plasma resonances and wave cutoffs on the
corresponding ionograms. These selected ISIS-1 av2 ionograms were also manually scaled, using the same
procedure as for the ionograms of Figure 11, and the results are presented in Figure 14. The tops of the pro-
files are shifted as expected based on the results of the scaling of the resonances and cutoffs discussed
above. The (Ne)max values at the lowest altitudes were checked by comparing them to the hourly values
determined from the Ottawa ground-based ionosonde at the times appropriate to the ISIS-I ionogram times
(see caption of Figure 13). The ionosonde (Ne)max values at 0900 and 1000 UT on 10 December 1981, appro-
priate for the left panel of Figure 14, were 3.75 × 1011 m�3. These values are considerably higher than either

Figure 12. (left) Topside Ne(h) profiles based on the manual scaling of the 12 International Satellites for Ionospheric
Studies-I av2 ionograms used to produce the Topside Ionogram Scaler with True height algorithm auto-processed Ne(h)
profiles of Figure 11. (right) Same with the addition of the corresponding 12 IRI-2016 profiles. IRI = International Reference
Ionosphere.

Figure 13. (left) A subset of the Topside Ionogram Scaler with True height algorithmNe(h) profiles from the Ottawa 1969–1983 data set restricted to the interval from
1 to 11 December and also restricted to MLAT between 45° and 50° using blue, green, and red for 112 profiles with q = 1, 2, and 3, respectively. (middle) Same but for
23 profiles resulting from the added restriction of MLT between 0330 and 0430 and the addition of the IRI-2016 profile for the central time. (right) Same as the middle
panel except for 17 profiles resulting from the restriction of MLT between 1130 and 1230. The labels on the profiles in themiddle and right panels are discussed in the
text. The numbered Topside Ionogram Scaler with True height algorithm profiles in the middle panel are all from day 344 (10 December) of 1981 at the following
universal times: 0919:52, 0920:48, 0921:15, and 0920:20 for profiles 1, 2, 3, and 4, respectively; those in the right panel are from day 337 (3 December) of 1969 at
1935:42 and 1934:17 for profiles 1 and 2, respectively. IRI = International Reference Ionosphere.
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the IRI-2016 or the manually scaled values (ranging from 5.4 × 1010 to 2.2 × 1011 m�3), but ISIS-I was well
below the Ottawa ionosonde latitude of 45° during the recording of the four ionograms used in the left panel
of Figure 14 (ranging from 33.6° to 36.8°). The ionosonde (Ne)max values at 1900 and 2000 UT on 3 December
1969, appropriate for the right panel of Figure 14, were 1.2 and 1.3 × 1012 m�3 in good agreement with the
manually scaled values of 1.2 × 1012 m�3; in this case ISIS-I was closer to the Ottawa ionosonde latitude dur-
ing the recording of the two ionograms used in the right panel of Figure 14 (ranging from 33.7° to 40.2°).

The results of this section emphasize the need for reliable topside Ne(h) profiles extending to high altitudes,
as can be obtained from the ISIS-I satellite, for the improvement of IRI-2016. Unfortunately, the results also
indicate that the present version of the TOPIST software does not produce these profiles from the version-
2 ISIS-I digital ionograms, that is, the av2 ionograms, with sufficient confidence to fulfill this need. Based
on the inspection of the sounder-stimulated plasma resonances and wave cutoffs and the manual scaling
of the ionospheric reflection traces on the selected ionograms, it appears that the first priority for improving
the TOPIST performance in the processing of version-2 ISIS-I digital topside ionograms is to improve the
detection scheme for identifying sounder-stimulated plasma resonances and wave cutoffs in order to auto-
matically obtain accurate [(Ne)sat]res values. Such an improvement is possible if the software includes the
expected resonant characteristics, and spectral patterns, for different values of the ratio of the electron
plasma frequency to the electron gyrofrequency; these spectral patterns should include the resonances
known as the Dn and Qn resonances observed between the harmonics of the electron gyrofrequency
(Benson, 1982; Osherovich & Benson, 1991).

5. Summary

The four Alouette/ISIS topside sounder satellites combined to produce 60 satellite years of swept-frequency
topside ionospheric sounding spanning the time interval from 1962 to 1990. During the 1960s and 1970s,
skilled operators hand scaled approximately 177,000 of themillions of 35-mm film ionograms to produce ver-
tical Ne(h). An A/D conversion project in the 1990s and 2000s led to more than 588,000 digital topside iono-
grams from the original Alouette-2, ISIS-I, and ISIS-II analog telemetry tapes. Automatic processing by the
TOPIST software was attempted on all of the ISIS-II digital ionogram files. Not all of them could be automati-
cally processed, due to problems encountered during the earlier A/D operation, but more than 86,000 files
yielded topside Ne(h) profiles. An ISIS-I data enhancement project is underway to correct the problems
encountered during the A/D operation in order to maximize the number of files capable of TOPIST automatic
processing. These problems were mainly caused by the lack of proper frame-sync detection on many of the
ionograms. During the first phase of this project, all of the digital ionograms from the Ottawa telemetry sta-
tion were converted to version-2 files (more than 80,000 files from 1969 to 1983). During the current phase,

Figure 14. (left) Topside Ne(h) profiles based on the manual scaling of the four International Satellites for Ionospheric
Studies-I av2 ionograms used to produce the Topside Ionogram Scaler with True height algorithm auto-processed Ne(h)
profiles labeled 1–4 in the middle panel of Figure 13. The appropriate IRI-2016 Ne(h) profile is included as a black curve.
(right) Same except for the profiles labeled 1 and 2 in the right panel of Figure 13. IRI = International Reference Ionosphere.
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more than 20,000 version-2 files from the Quito and the University of Alaska telemetry stations have
been produced.

The version-2 ISIS-I topside digital ionogram files, also designated as av2 files, recover frequency information
often missing in the original digital ionogram files. This recovered frequency information allows the digital
ionogram files to be scaled manually and also makes them capable of automatic processing by software such
as TOPIST.

Many of the OTT version-2 ISIS-I files have been processed by the TOPIST software to produce topside Ne(h)
profiles. Some of the TOPIST automatically produced ISIS-I profiles were checked by inspecting the corre-
sponding version-2 ISIS-I topside digital ionograms. The plasma resonances and wave cutoffs were scaled
on these ionograms to determine [(Ne)sat]res values, the reflection traces weremanually scaled to obtain accu-
rate topside Ne(h) profiles, and foF2 values from the Ottawa ground-based ionosonde were used to calculate
(Ne)max values for comparison with the Ne values at the bottom of the manually scaled Ne(h) profiles. In many
cases large differences were observed between the [(Ne)sat]res values and the values at the top of the TOPIST
profiles. These differences indicate the need to improve the portion of the TOPIST software dedicated to the
identification of sounder-stimulated plasma resonances and wave cutoffs at the satellite location. Proper
identification of these features is crucial for obtaining the correct starting points for the inversion of topside
ionospheric reflection traces into accurate topside Ne(h) profiles.

The manually determined [(Ne)sat]res values and the manually produced topside Ne(h) profiles were also com-
pared with the IRI-2016 model predictions. During one late morning, midlatitude winter ISIS-I satellite pass in
1969 IRI-2016 was found to predict higher Ne values at the satellite altitude. The differences ranged from
about 60% when the satellite was near 2,000 km to within about 30% when it approached 1,600 km. In
another investigation, involving thousands of ISIS-I TOPIST auto-produced Ne(h) topside profiles collected
over many years during midlatitude winter conditions, selected profiles for manual scaling to produce
[(Ne)sat]res values indicated that IRI-2016 predicted Ne values at the satellite altitude that were too high at
noon in 1969 but too low in early morning in 1981.
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