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Abstract – Ionogram data from the Global
Ionospheric Radio Observatory (GIRO), processed with
Automatic Real-Time Ionogram Scaler With True
Height (ARTIST), is provided with conﬁdence scores
to guide users on the reliability of the data set. Here we
use manually processed data to assess the extent to
which these conﬁdence scores have value and to
provide users with guidelines on how best to apply
these conﬁdence scores when ﬁltering GIRO data. It is
found that the best conﬁdence score for a given
ionospheric parameter (foF1, foF2, or hmF2) is not
necessarily the highest conﬁdence score, and depends
heavily on the parameter in question. In addition to this
we demonstrate an 11.4% false negative rate in
ARTIST’s scaling of the F1 layer trace, missing nearly
40% of observed F1 traces.

1. Introduction
Ionosondes provide one of the longest-running and
most reliable measurements of the ionosphere [1]. By
scanning across a range of frequencies in the HF band and
measuring the echo time of signals reﬂected from the
ionosphere, they are capable of producing ionograms.
These can be inverted into proﬁles of the ionosphere’s
electron density from the lower E-region to the peak of
the F-region [2]. In order to determine electron density
from an ionogram, however, one must ﬁrst isolate
ionospheric echoes from interference, separate the
ordinary (O) and extraordinary (X) modes of propagation, and account for complex propagation effects due to
nonisotropic ionospheric structuring, in a process referred to as ‘‘scaling.’’ This is particularly true for highlatitude regions, where small-scale structures and high
ionospheric drift speeds can make ionograms complex.
Before the advent of automatic scaling algorithms
that conduct the trace isolation (scaling) process, scaling
of ionograms was done manually by experienced
ionosonde operators. The process of manual scaling
has often been referred to as an art form in the ﬁeld,
requiring extensive experience and training. The practice was thereby trained at various workshops, with
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manuals and standards that were developed to ensure the
consistency and reliability of the data set [3]. As time has
progressed, however, the availability of automatic
scaling software has provided a compelling alternative
to the painstaking and time-consuming process of
manual scaling. Today, few of the devoted manualscaling experts of the past remain active in the ﬁeld, and
opportunities for training are rare. This lack of manual
scalers has resulted in a substantial reliance on automatic
scaling routines; the most popular is Automatic RealTime Ionogram Scaler With True Height (ARTIST),
provided with the Digisonde brand of ionosondes, due in
part to the ease of use and availability of data from those
systems through the Global Ionospheric Radio Observatory (GIRO; https://giro.uml.edu/) [4, 5].
To provide users with a measure of quality
assurance, conﬁdence scores were introduced and are
distributed with all GIRO data. These scores range from
0 to 100 and are calculated by subtracting a penalty
from the perfect score (100) if certain complicating
ionospheric features are present or error conditions are
experienced [6].
It should be noted that while the penalty criteria
are provided as a list in SAO.XML versions of ARTIST
output, they are not provided in any other form of data
distributed from GIRO; instead, only a total score is
provided. This lack of speciﬁcation of the penalty
criteria with the scores in the GIRO Quick Characteristics or SAOExplorer Characteristics output ﬁles leads
to a degree of ambiguity in the nature of the scores. As
most users simply apply a threshold on these scores to
remove potentially problematic data (say, removing all
data with conﬁdence score below 70), the nuance of
these scores is overlooked and very different error
behaviors can be lumped together with the same quality
score, despite having varying implications on different
elements of the scaled proﬁles.
In this study, we use data from approximately 35 000
manually scaled Digisonde ionograms to assess the
behavior and utility of the ARTIST conﬁdence scores.
We will further use these results to provide the community
with best practices and guidance on their application.

2. Data and Scope
We have here limited this study only to data by
the principal author on a touch-screen laptop within the
past two years, to ensure a measure of scaling
consistency. This data set is thereby limited to only
34 968 ionograms. The principal author has extensive
scaling experience, with both Digisonde and Canadian
Advanced Digital Ionosonde (CADI) ionograms, having
scaled a few million ionograms and having been the
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Figure 1. Distribution of GIRO Digisondes used in this study.

main processor of CADI data from the Canadian High
Arctic Ionospheric Network (CHAIN) for over a decade
[7]. Ionograms were scaled according to the URSI
Handbook on Ionogram Processing [8] and supplemented with the recommendations of the URSI High
Latitude Supplement [9] for the included high-latitude
locations. A map of the distribution of stations used in
this study is provided in Figure 1.
It should be noted that the data set used here is not
evenly distributed spatially, and the data do not
necessarily reﬂect the same time periods across all
stations; in fact, much of the data set here is heavily
concentrated in the three periods 12–20 March 2013,
14–17 July 2017, and 19–23 September 2017, where the
majority of the stations in Figure 1 were scaled if data
was available. Other periods generally only have one to
three stations scaled coincidently. Although the data set
is not ideally distributed, the intention of this study is to
examine the conﬁdence scores of ARTIST rather than to
draw explicit conclusions regarding the accuracy of
ARTIST as a whole, which would likely require a more
extensive and evenly distributed data set.
We have here limited the scope of our study to
foF1, foF2, and hmF2. We examine foF1 because it
represents one of the most challenging parts of the
ionogram to scale correctly using an automated method,
as many features can be easily mistaken for an F1 trace
if care is not taken and standard scaling protocols
outlined in [8] are not adequately followed. We
examine foF2 for its sheer popularity and importance

in a number of applications. Finally, we examine hmF2
for similar reasons as foF2. It should be noted that
hmF2 is very rarely assessed in existing studies of
autoscaler performance [10, 11], making its accuracy
somewhat of an unknown. The lack of such comparisons is often because the number of assumptions made
in the full proﬁle inversion process makes an estimate of
error not entirely reﬂective of the actual performance. A
number of conﬂating factors, such as assumptions
regarding missing low-frequency portions of the trace
or regarding the E–F valley region, can make a
complete estimate of hmF2 performance challenging,
depending heavily on the location of the instrument,
inversion software, and even geophysical conditions.
Here, as we are using the GIRO SAOExplorer software,
which uses the same inversion method and assumptions
as ARTIST, errors reﬂected in our analysis are
indicative of just autoscaling performance and not the
full hmF2 error, which may be larger than the values
reported here due to the aforementioned assumptions
and inversion errors.

3. Results and Discussion
This study seeks to provide answers to the simple
question: Are the ARTIST conﬁdence scores useful, and
if so, how should they be used? To address this question
we begin by ﬁrst examining the performance efﬁciency
(PE) of ARTIST for all conﬁdence scores. PE is a skill
score that measures the mean squared error of a model
against the use of an average of the observations. If the
PE is unity, the model is a perfect representation of the
data, and if the PE is zero or negative, then the model
performs worse than a simple average of the observations. The expression for PE is
P
ðM i  O i Þ2
PE ¼ 1  P
ð1Þ
 Þ2
ðO i  O
where Mi is the model value, Oi is the observation, and
 is the mean of the observations [12]. One can also
O
replace the mean of the observations in the denominator
with another reference model to assess the performance

Figure 2. Prediction efﬁciency with respect to the mean (black) and the IRI (red) against conﬁdence scores for foF1 (left), foF2 (middle), and
hmF2 (right). Dashed lines are plotted at the 75% (red) and 0% (black) thresholds. Note the change in y-axis range for the foF1 subplot.
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Table 1. Contingency table of manual scaling vs. autoscaling
occurrence of the F1 layer

Figure 3. Occurrence rate of individual conﬁdence scores.

with respect to that reference model instead of the
mean, where negatives would then imply that the model
is generally worse than the reference model.
To assess the value of the conﬁdence scores and
their relative performance, we determine the PE both
with respect to the mean and with respect to the
International Reference Ionosphere (IRI) [13]. Default
IRI2016 options were used. In Figure 2, we present the
Pes for foF1, foF2, and hmF2, doing a separate PE
calculation for each possible conﬁdence score. It should
be noted that PE values are reported only if there were
at least 100 measurements at the corresponding
conﬁdence score.
We note from Figure 2 that the PE generally
decreases with decreasing conﬁdence score, which
suggests that the conﬁdence scores do hold value in
allowing users to assess the reliability of these
characteristics; however, the range of conﬁdence scores
that provide reliable measurements is different for each
ionospheric characteristic. First considering results with
respect to the mean, for foF1 we see that conﬁdence
scores are generally lower than those for foF2, and the
conﬁdence scores corresponding to reliable foF1 are far
more limited. Using a threshold of 75% (0.75) for PE,
scores of 0, 90, 95, and 100 correspond to the most
reliable foF1 estimates. For foF2, the range of reliable
conﬁdence scores expands signiﬁcantly to any score of
40 or greater except the score of 55, which performs the
worst of all conﬁdence scores. For hmF2, scores of 60,
75, 80, 85, 90, and 95 correspond to PEs greater than
75% when calculated with respect to the mean. It is
interesting to note here that the conﬁdence score of 100
falls below the 75% PE level for hmF2 while generally
performing well for the frequency parameters.
Figure 2 also shows the PEs calculated with
respect to the IRI. For foF1, only conﬁdence scores of 0
or 100 provide any skill with respect to the IRI; all other
scores perform worse than the climatological model.
For foF2, we see similar results to those with respect to
the mean; however, we now note that all scores below
50 and the single score of 55 provide little skill over
climatology and are largely unreliable. Finally, for

hmF2, conﬁdence scores of 75, 80, 90, and 95 provide
excellent skill with respect to climatology, but all other
scores provide limited skill improvement or, in the case
of scores 0, 40, and 55, actively produce worse
estimates of hmF2 than the climatological IRI. Circumstances like this may account for some of the reduced
performance of the Real Time IRI (IRTAM), which
assimilates these GIRO data, with respect to the
climatological IRI in terms of hmF2 found in [14].
It is important to also contextualize these results
with the relative frequency of each conﬁdence score. To
assess this, the frequency of observed conﬁdence scores
for the tested data set is provided in Figure 3.
We note here that the 100 conﬁdence score forms
nearly half of the scaled data set; therefore, for hmF2—
which sees ARTIST performing at only 40% better than
climatology for the 100 conﬁdence score—discarding
all ARTIST measurements below the 75% PE (improvement) level would result in discarding 74.7% of
the scaled record. For many applications, having more,
poor-quality data may be more valuable than discarding
such a large portion of the available data set; however,
if that is the case for that application, scores of 50 and
60 should be regarded as providing similar value and
should thereby be retained for that application.
Similarly, for foF1, a conﬁdence score of 0 actually
provides more value than one of 100, and therefore a
desire to retain measurements of foF1 with a conﬁdence
score of 100 should be paired with retention of values at
0 as well.
While the PE of each conﬁdence score is a
valuable measure of performance when values are
measured, it lacks another form of error, namely the
scaling of ionograms or ionogram features when those
features are not present or when ionogram simply
cannot be scaled. As PE can only be calculated when
there is both a manually scaled and autoscaled value
available, it does not reﬂect errors in event occurrence,
which are particularly important in the context of foF1.
Contingency tables for scaling the F1 and F2 layers are
provided in Tables 1 and 2.
From these contingency tables we note that
ARTIST has an 11.3% false negative rate, where it
does not scale the F1 layer when one is present, and a
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Table 2. Contingency table of manual scaling vs. autoscaling
occurrence of the F2 layer

respectable 1.4% false positive rate, where it scales a
feature as the F1 layer when one is not present. This
implies that ARTIST is rather conservative in its
identiﬁcation of the F1 layer, which is understandable
given the number of alternative features that may be
mistaken for an F1 trace; however, the conservative
scaling of the F1 layer has here resulted in ARTIST
missing 39.0% of observed F1 layer traces. The most
common error in scaling the F1 layer was ARTIST
scaling the F1 trace as the F2 trace by accident, most
commonly at high latitudes, where there is a strong F1–
F2 cusp, and during storms where G-conditions often
see the F2 layer recede behind the F1 layer.
For the F2 layer the contingency table shows only
modest false negative (2.9%) and false positive (4.7%)
rates; however, this is somewhat expected, as outside of
severe events or extremely low-density periods, an F2
layer is almost always present (89.8% of the time).
False positives were often made when blanketing
sporadic-E features were mistaken as F2 traces or when
ionograms were of severely poor quality and scaling
could not be undertaken at an URSI Qualifying Letter
level of U or better, most often the case at high
latitudes. False negatives were less common and did not
appear to have any particularly consistent behavior.

4. Conclusions
We have found that ARTIST conﬁdence scores do
provide a measure of value in characterizing the
reliability of ARTIST-scaled characteristics; however,
this value is strongly dependent on the characteristic of
interest. It is shown here that for foF2, conﬁdence
scores as low as 50 (excluding 55) all correspond to
reliable autoscaling performance for that parameter. For
hmF2, 75, 80, 90, and 95 all provide signiﬁcant value
with respect to using climatological values; however,
conﬁdence scores of 0, 40, and 55 were actively worse
than using the IRI, and values other than these provided
only limited improvement. For foF1, virtually all
conﬁdence scores were worse than the IRI, with only
scores of 0 and 100 providing any skill over the IRI, and
both below 60% improvement.

It is further shown that ARTIST struggles
somewhat in identifying the presence of the F1 layer,
demonstrating a false negative rate of 11.3% and a false
positive rate of 1.4%. This signiﬁcant false negative rate
amounts to 39% of all observed F1 layer occurrences
and makes it challenging to assess the reliability of foF1
using conventional root-mean-square statistics, which
only account for periods where both measured and
autoscaled values are available.
Ultimately, we conclude that ﬁltering ARTIST
data available through GIRO is not a trivial matter and
depends heavily on the parameter of interest. Although
we here limit our analysis to only information that
would be available from GIRO’s Quick Characteristics
page (https://giro.uml.edu/didbase/scaled.php), which is
the dominant source of autoscaled ionosonde characteristics used for scientiﬁc purposes, future work will
examine the overall performance of ARTIST autoscaling, compare conﬁdence scores from ARTIST with
those of Qualscan [15], and break down conﬁdence
scores by penalty criteria for a more in-depth examination of autoscaling error behavior and conﬁdence.
The intention here is simply to provide users with
guidance on how best to capitalize on the value of the
existing ARTIST conﬁdence scores and avoid misusing
them.
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