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Abstract

In this study, predictions of the E-CHAIM ionospheric model are compared with measurements by the incoherent scatter radars
RISR at Resolute Bay, Canada, in the northern polar cap. Reasonable coverage was available for all seasons except winter for which
no conclusions were drawn. It is shown that ratios of the model-to measured electron densities are close to unity in the central part
of the F layer, around its peak. This is particularly evident for summer daytime. Distributions of the ratios are wider for other seasons
indicating larger number of cases when the model underestimates or overestimates. E-CHAIM underestimates the electron density at
ionospheric topside and bottomside by � 10–20 %. At the bottomside, the underestimations are strongest in summer and equinoctial
nighttime. At the topside, the underestimations are strongest in autumn nighttime. Model overestimations are noticeable in the middle
part of the F layer during dawn hours in autumn. Overall, the model tends to not predict highest-observed peak electron densities and the
largest-observed heights of the peak.
� 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Knowledge of the electron density distribution in the
Earth’s ionosphere at extreme high latitudes is important
for operation of radio communication systems and naviga-
tion (e.g., Belehaki et al., 2015; Rawer, 2013). Despite
efforts (e.g., Kutiev et al., 2013), comprehensive character-
ization of the ionosphere as a function of external drivers
of the near Earth’s environment and reliable predictions
of the ionospheric parameters at any instant of time is still
https://doi.org/10.1016/j.asr.2023.01.017
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far from being achieved. Part of the problem is a poor
observational coverage in the High Arctic and Antarctic.
It is not a surprise that a quick assessment of expected elec-
tron densities in these regions is often done by employing
statistical ionospheric models such as International Refer-
ence Ionosphere (IRI) family of models (Bilitza et al.,
2017; Bilitza, 2018). These models are mostly based on
observations at the middle and auroral zone latitudes with
very limited contributions from measurements in the polar
cap regions.

Recently a new statistical model, the Empirical Cana-
dian High Arctic Ionospheric Model (E-CHAIM), was
proposed (Themens et al., 2017, 2018, 2019a). The model
uses data from ground-based measurements at various lat-
org/licenses/by/4.0/).

al., Ionospheric electron density over Resolute Bay according to E-
rch, https://doi.org/10.1016/j.asr.2023.01.017

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.asr.2023.01.017
http://creativecommons.org/licenses/by/4.0/
mailto:sasha.koustov@usask.ca
https://doi.org/10.1016/j.asr.2023.01.017
https://doi.org/10.1016/j.asr.2023.01.017


B. Larson et al. Advances in Space Research xxx (xxxx) xxx
itudes, and special efforts have been made to include polar
cap ionosonde and radar observations in the Canadian sec-
tor of Arctic. E-CHAIM uses a semi-Epstein layer param-
eterization for its vertical structure, choosing to anchor the
ionospheric electron density profile at the F2 peak and
varying scale thickness with altitude to capture the features
of the F1 and E regions (Themens et al., 2019a), as well as
the behavior of electron density in the upper topside
(Themens et al., 2018). The peak parameters of the model
are represented by spherical cap harmonics in the Altitude
Adjusted Corrected Geomagnetic Coordinates (AACGM)
system (Shepherd, 2014). Separate fits of hmF 2 and
log 10ðNmF 2Þ were conducted for each UTC hour, resulting
in 24 separate models for each parameter. The topside and
bottomside thicknesses of the model are, however, repre-
sented by a single fit to harmonics in the AACGM MLT-
MLat coordinate system. A further storm parameterization
is also available for f 0F 2 to account for negative iono-
spheric responses to geomagnetic forcing (Maltseva and
Nikitenko, 2021; Themens et al., 2017, 2020). Updates to
the model since its initial public release in 2018 also
include: 1) a parameterization of the auroral particle pre-
cipitation enhancement of the E region and lower F region
(Watson et al., 2021) in E-CHAIM versions 2.0 and later,
and 2) the inclusion of the Faraday IRI-2018 (FIRI-
2018) model for specification at altitudes below the E
region peak (Friedrich et al., 2018) in E-CHAIM versions
3.1 or later. Any of these additional features (storm, precip-
itation, D region) can be toggled on or off by the user but
they are off by default. Complete details regarding any
changes to the model since release can be found in the
release notes provided with each version of the model.
All versions of the model and their release notes have been
preserved and are openly available on the E-CHAIM web-
site (https://e-chaim.chain-project.net/). The model has
been validated in a number of publications (Maltseva and
Nikitenko, 2021; Shaikh, 2022; Themens et al., 2018,
2019a,b, 2021). It was shown that, generally, E-CHAIM
improves quality of electron density predictions comparing
to the IRI and NeQuick models but not in all aspects.

Recognizing the success of the E-CHAIM performance,
first of all in terms of reproducing the solar cycle, seasonal
and diurnal variations, there is still a great deal of uncer-
tainty as to how good the model is for predictions of the
electron density distribution in specific events. One area
where these predictions would be useful is the Canadian
Artic around Resolute Bay (RB), where three Super Dual
Auroral Network (SuperDARN) high-frequency (HF)
radars at Rankin Inlet, Clyde River and Inuvik are moni-
toring plasma flows (e.g., Nishitani et al., 2019). The geom-
etry of these radars’ observations is such that several their
beams are close to the RB zenith. Knowing the electron
density distribution in this area would allow for a better
assessment of radar wave group ranges (mapping of a scat-
tering volume) and derivation of the plasma drift from
Doppler velocity measurements (Greenwald et al., 2016,
2017; Ponomarenko et al., 2009).
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This study is aimed at further assessment of the E-
CHAIM electron density predictions for the RB area. At
RB, two incoherent scatter radars (ISR), RISR-North
(RISR-N) and RISR-Canada (RISR-C) are operating, pro-
viding local and detailed information about the ionosphere.
Reasonable agreement between ISR and E-CHAIM is
expected, as the model used some RISR data during its
development (Themens et al., 2017), and the bottomside
predictions have been validated using an extended data
base later (Themens et al., 2019a). The concern is that
the ISR data contribution during the model development
could have been overwhelmed by ionosonde data available
for a much wider range of ionospheric conditions; further-
more, the ISR data were only used in the fitting of the E-
CHAIM topside model and had no contribution to the bot-
tomside, which relied entirely on ionosonde observations
(Themens et al., 2018, 2019a). E-CHAIM is also an anchor
point model and relies on independent sub-models for each
component of its profile, so, while an evaluation of the
independent components have been conducted in the
respective model papers, the combined result of those mod-
els, i.e. for the entire electron density profile, has not been
assessed, except via in situ measurements in the topside by
Themens et al. (2019b, 2021). As success of the model is a
culmination of the performance of each sub-model, it is
critical that it be assessed as a whole. Furthermore, this
is critical due to the potential for relatively small errors
in individual model components combining to produce
much larger (or potentially smaller) errors in electron den-
sity (Themens et al., 2021). More work comparing E-
CHAIM and RISR radars could shed light on the reason
for the discrepancies between the model and observations
in specific events. Finally, new features are being added
to the model and, consequentially, its periodical re-
evaluation is required.

2. Instruments

This study uses ISR data (both RISR-N and RISR-C)
collected in the World Day (WD) mode of operation with
measurements in 11 beams (Bahcivan et al., 2010; Gillies
et al., 2016) but only beams with elevation angles above
45� were considered here to restrict the considered area
to the RB zenith. Long-pulse measurements with 5-min
integration time were selected. RISR electron density pro-
files with shorter integration time are usually noisy, and, in
addition, for a comparison with a statistical model, larger
integration time (providing better signal-to-noise ratio) is
preferable.

For the comparison undertaken, calibration of the elec-
tron density reported by the RISRs is a critical aspect of
operation. The RISR radars routinely perform the calibra-
tion in one of the two ways: comparison with simultane-
ously received enhanced plasma line data or comparison
with the co-located Canadian Advanced Digital Ionosonde
(CADI) data. Calibrations with the CADI are performed
by comparing the RISR-derived critical frequencies of the

https://e-chaim.chain-project.net/
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F2 layer f 0F 2 and the height of the maximum hmF 2 with
those measured by the CADI. Values of f 0F 2 and hmF 2

are obtained for the radars by fitting a 2-nd order polyno-
mial to the electron density profile near the peak. To
remove possible large differences between the radar and
CADI due to differences in the sensing modality (e.g.,
CADI has a much larger field of view and thus much
poorer spatial resolution), the comparison of f 0F 2 and
hmF 2 between the instruments is performed statistically,
usually with several days of joint data. The median ratio
of the f 0F 2 between the radar and CADI is used to derive
a calibration constant for each radar beam. Finally, the fits
of the ion-line data are reprocessed using the new calibra-
tion constants. The calibration procedure is repeated until
the median ratio of � 1.0 is reached.

Fig. 1 gives a sense of a database available. Although all
collected data were considered, the analysis was restricted
to measurements between 100 and 500 km where the rela-
tive error was below < 50 %. Earlier data in 2014–2015
were collected by the RISR-N radar while after 2016, the
database is strongly dominated by measurements with the
RISR-C radar. We note that 50 % error restriction seems
to be too relaxed, but not for the heights of � 400–500 k
m where strong variability is a persistent feature of RISR
observations (Larson et al., 2021). Fig. 1 indicates that,
seasonally, the autumn equinox has fewer points than the
summer and spring equinox. The winter data are very lim-
Fig. 1. Hourly number of points for RISR World Day mode experiments in
measurements at high elevation angle (>45�) beams and to those heights betw
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ited. In terms of the time of day, the coverage seems to be
better at daytime (the local noon at RB is close to 18 UT).

3. Average ionospheric electron density distribution over

Resolute Bay

Despite the strong variability of the electron density dis-
tribution in the polar cap ionosphere, it is useful to know
the average or typical electron density distribution over
various seasons at certain locations. This allows one to,
for example, predict the latitudes of echo bands in experi-
mentation with HF radars, such as the SuperDARN radars
(e.g., Nishitani et al., 2019), which is critical for the plan-
ning of future radar installations. In addition, knowledge
of the background/average electron density values for a
given location, season and time of day is necessary for
the identification of polar cap patches and various space
weather anomalies. For this reason, as a first step, typical
electron density distributions over RB according to RISR
measurements were inferred. Available data were sorted
into seasons of three months each. The February, March
and April data were grouped into spring. The summer sea-
son was represented by data from May, June and July. The
September and October data were combined to represent
autumn (no data were available for August). Finally, the
data for January were considered as representing winter
(no data were available for November and December).
the entire database considered in the study. The data were restricted to
een 100 and 500 km at which the relative error was below 50 %.
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Fig. 2 shows the median electron density for four sea-
sons binned by altitude, using 25-km bins, and by one-
hour bins of UT time. For RB, LT = UT-6 implying that
the local noon is at 18 UT and the local midnight is at 6
UT. For the nighttime sector, that we loosely defined as
the time between 03 and 09 UT, Fig. 2 shows that the elec-
tron density is somewhat larger in spring and summer as
compared to autumn reaching peak values of

� 20� 1010 m�3 between 300 and 375 km in spring and
225 and 325 km in summer. Unfortunately, no data are
available for the nighttime in winter.

The densities vary with time of day. For daytime, at 15–
21 UT, the electron density is largest in spring with values
Fig. 2. Electron density distribution in the ionosphere over Resolute Bay acc
values over 25-km height bins.
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up to 30� 1010 m�3 at heights of 250–450 km. Compared to
spring, the electron densities are smaller in summer maxi-
mizing at the heights of 175–275 km, and they are even
smaller in autumn. Winter data are limited; they indicate
values comparable to those seen in autumn with a localized
enhancement between 20 and 21 UT. For dusk, at 21–03
UT, the largest electron densities are in spring with values

up to � 30� 1010 m�3 at heights of 250–400 km. For dawn,
at 9–15 UT, the electron densities are largest in summer

with values up to 20� 1010 m�3 and lowest in autumn.
The densities are maximized at largest heights in spring,
at 250–350 km, and the electron density maxima are lowest
in summer, at 200–300 km.
ording to RISR observations in 2014–2019. Presented are hourly median
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One conclusion from the data of Fig. 2 is that, overall,
peak electron densities occur at lower heights in summer
(200–300 km) as compared to other seasons (300–
400 km). For the equinoctial time, the electron densities
are smaller in autumn as compared to spring at just about
every height.

The RISR data in Fig. 2 show less pronounced diurnal
variations of the topside electron densities compared to
those at lower heights. For both spring and autumn, the
largest electron densities are seen during daytime and dusk.
4. Comparison of E-CHAIM model output with ISR data

To compare E-CHAIM predictions with ISR data, the
following approach was undertaken. For E-CHAIM, the
C implementation of version 3.2.1 was used with the pre-
cipitation, storm and D region features on. E-CHAIM sup-
ports calculating NmF 2 and hmF 2 directly. The inputs for
the model functions applied to other heights were time/-
date, as well as altitude. For NmF 2 andhmF 2, a simple
approach was taken with the exact RB location being
adopted for calculations. When the same approach was
implemented for comparison of the measured and pre-
dicted electron densities at various heights, it was found
that there are significant differences in some local time sec-
tors. As a result, a more sophisticated approach was
adopted, with an E-CHAIM electron density prediction
being generated for each RISR range gate in the dataset.
In this approach, the model predictions were produced
using the altitude, latitude and longitude for the center of
each range gate.
4.1. Model-measurement comparison for the electron density
peak

Fig. 3 compares E-CHAIM predictions and ISR mea-
surements of NmF 2 andhmF 2. These two parameters are of
Fig. 3. (a) Scatter plot of the peak electron density NmF 2 inferred from E-CHA
The total number of available points N is shown in the top left corner of each p
the color bar to the right. (b) The same as (a) but for the height of the electro
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interest to SuperDARN research (e.g., Koustov et al.,
2020) but they are also focal parameters in empirical iono-
spheric models (e.g., Shubin, 2015; Themens et al., 2017).
For Fig. 3, a limited RISR-C data set was used. The peak
for RISR-C was identified by finding the maximum elec-
tron density value under 400 km along each radar beam
and taking the median value for each set of high-
elevation beams. The midpoint of the integration time of
each scan was used when calculating NmF 2 and hmF 2 for
E-CHAIM.

Fig. 3a shows NmF 2 predicted by E-CHAIM versus
NmF 2 determined from RISR-C measurements as a scatter
plot of the number of cases. Although there is significant
point spread, the majority of the points are distributed
close to the line of perfect agreement (bisector). The point
distribution is asymmetric. It is stretched along the vertical

(RISR) axis towards values > 30� 1010 m�3 indicating that
the model predicts very few cases with NmF 2 values

above30� 1010 m�3.
Fig. 3b compares hmF 2 between E-CHAIM and RISR-

C. Similar to the comparison ofNmF 2, the hmF 2 pixel distri-
bution is asymmetric with significant point stretching in the
vertical direction toward higher RISR values. The model
appears to have ‘‘an upper limit” of possible values as
the model hmF 2 are all below � 320 km.

4.2. Model-measurement comparison at various heights

Now we compare E-CHAIM and ISR data at all heights
where measurements were available. To make a quantita-
tive judgment of the agreement, instead of presenting scat-
ter plots, such as those in Fig. 3, we consider a ratio of E-
CHAIM-modeled to RISR-measured electron den-

sity,RE=R ¼ NECHAIM
e =NRISR

e . The inverse of this ratio has
been considered by Bjoland et al. (2016) while assessing
the IRI model with Svalbard ISR measurements.
IM versus RISR-based peak electron density NmF 2 for matched moments.
anel. The number of points in each pixel of the plot is coded according to
n density peakhmF 2.
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Fig. 4 shows the UT distribution of RE=R at various
heights for the four seasons selected. One overall conclu-
sion from Fig. 4 is a fair consistency in the sense that, typ-
ically, RE=R values are in between 0.5 and 1.5 with very few
‘‘anomalies”. The clear anomalies, with RE=R values up to 3,
are for the heights of � 150 km in the spring night sector
(Fig. 4a) and in the winter afternoon/dusk sector
(Fig. 4d). Data of Fig. 4b for summer show more uniform
distribution over a day, compared to other seasons. RE=R

values here are in between 0.9 and 1.2 in a wide range of
heights, from � 200 km to � 400 km. Typical RE=R are
smaller for both the bottomside and topside.

Data of Fig. 4a and 4c for equinoctial time show
‘‘islands” of increased RE=R above 1.5 in the autumn dawn
Fig. 4. The ratio of E-CHAIM-predicted to RISR-measured electron density fo
to season, as indicated.
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sector (at 175 to 300 km) and especially in the spring night-
time sector (at 150–175 km). But the dominating color for
the equinoctial time corresponds to RE=R values in between
0.9 and 1.2. For these seasons, similarly to summer,
reduced RE=R values of � 0.9 are seen at both the bottom-
side and topside. Limited winter data of Fig. 4d show that,
apart from anomaly at 150–200 km, RE=R values are
between 0.9 and 1.5 in the central part of the F layer while
RE=R at the topside are typically � 0.6.

Although Fig. 4 provides a good overview of the model-
RISR differences, it contains many details that prohibit
making conclusions on the overall quality of E-CHAIM
predictions. For this reason, a more quantitative assess-
ment was attempted by averaging ratios RE=R over time of
r all events available in 2014–2019. The data have been grouped according
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a day and over various heights. To this end, all available
RE=R values were grouped by height region of the iono-
sphere: the bottomside spanning from 100 to 175 km, the
middle F layer spanning from 175 to 425 km, and the top-
side covering 425–500 km altitudes. The histogram distri-
butions of RE=R values were produced for each of these
groups and for four seasons separately, Fig. 5. Each his-
togram was characterized by the median value m and the
standard deviation value r. Obtained m and r values are
reported on each plot. Since RE=R data were lumped into
one set for each ionospheric part, the reported m and r val-
ues represent highly-averaged characteristics. Such an
assessment sounds reasonable for summer conditions
(Fig. 3) but, perhaps, somewhat over-simplification for
other seasons with stronger diurnal variations. We should
Fig. 5. Histogram distributions for the ratio of E-CHAIM-predicted to RISR-
seasons. Each histogram is characterized by the median value (m) and the standa
the number of points N for each histogram.
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state that since the data set for winter is very limited, no
conclusions will be drawn for this season. We also
acknowledge that the number of autumn points is not as
good as that for spring and summer, but still reasonably
large.

Several general conclusions can be made from Fig. 5. All
the distributions are asymmetric in shape with longer tails
toward RE=R values of more than one reflecting cases of
model overestimation. With very few exceptions, the over-
estimations are less than a factor of 2 in all heights, but
more importantly, the bulk of the data are clustered
around value of one. The distribution peaks are in between
0.5 and 1 indicating that overall, without looking into
details, E-CHAIM tends to underestimate the electron den-
sity in the ionosphere over RB. The distribution width var-
measured electron density at three different ranges of heights and for four
rd deviation value (r), reported in the upper right corner. Also presented is
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ies with height and season. The distribution is narrowest in
summer for every part of the ionosphere (Fig. 5d, 5e and
5f) and widest in spring at the bottomside and middle part
of the F layer (Fig. 5a and 5b). Once again, we do not
count the winter data with very broad distributions at the
bottomside and near the F region peak (Fig. 5j and 5 k).

At the bottomside, the first column of plots in Fig. 5, the
distribution medians are 0.90, 0.61 and 0.86, i.e. the model
underestimates the electron density by 10–40 %. The model
underestimations are strongest in summer. This contrasts
with much better model-measurement agreement for other
heights in summer. We note that the summer dataset for
the bottomside is � 4 times smaller than that for the middle
part of the F layer so that the strong bottomside model
underestimation in summer needs to be re-evaluated in
the future.

For the middle part of the F layer, middle column of
plots in Fig. 5, RE=R values are much closer to 1, with medi-
ans m being 1.08, 1.03 and 1.19. Summer data show the best
data clustering (smallest values of r) and m closest to 1.
Judging from the shape of the plots, the m values away
from 1 toward positive values are, to some extent, owing
to the extended tails of largeRE=R. If largest RE=R values
are not considered, m values would be closer to 1. One must
admit that the distribution peaks are somewhat shifted to
values below 1 (with stronger effect in spring) offsetting
the effect of large RE=R values. Overall, however, one can
claim that the E-CHAIM model performs reasonably well
in the middle part of the F layer.

For the topside ionosphere, right column of plots in
Fig. 5, the distributions of RE=R are clearly centered at val-
ues below 1, both in terms of histogram medians (�0.8)
and positions of the distribution maxima (close to 0.7).
These results imply that, here, the E-CHAIM model under-
estimates the electron densities by up to � 20 %. Data
spread seems to be smallest at these heights as r values
are smallest compared to those at other heights of the same
season, except for the summer data. We note that the data
coverage for the topside is � 7 times better for spring
(Fig. 5c) as compared to that for other seasons (Fig. 5f
and 5i) implying that more data collection for those sea-
sons is highly desirable.

5. Discussion

E-CHAIM performance has been assessed by the model
developers in the past (Themens et al., 2017, 2018, 2019a,b,
2021) but the model is being updated so that further assess-
ment work is warranted. The previous validation studies
involved several instruments, including ISR data not uti-
lized for the development of the model (Themens et al.,
2018, 2019ab, 2021). More recent work by Themens et al.
(2019a,b; 2021) has much more extensive coverage and
included a significant amount of measurements from ISRs
and onboard satellite sensors. For example, Themens et al.
8

(2019b) utilized in situ data from Defense Meteorological
Satellite Program (DMSP) satellites operating
at � 830 km and the Challenging Mini-satellite Payload
(CHAMP) satellite operating between 350 and 400 km.
The study compared E-CHAIM seasonal and solar cycle
trends against measurements and showed a good agree-
ment between DMSP and E-CHAIM with typical error

of the order of� 1� 1010 m�3. Thus E-CHAIM was vali-
dated in the topside ionosphere, well above the F region
peak. At the typical altitudes of the F region peak, E-
CHAIM was found to overestimate the electron density
measured by CHAMP at latitudes 75� � 85� during sum-
mer daytime (Fig. 17) and winter nighttime but it correctly
predicted the afternoon summer enhancement.

Themens et al. (2019a) focused on E-CHAIM perfor-
mance at the ionospheric bottomside. The authors consid-
ered the extensive dataset collected by the Poker Flat ISR
(covering 2007–2017) as well as data from RISR-N
(2009–2017, but with better coverage for 2010–2013) and
Svalbard (2007–2017) ISRs in the polar cap. The paper
focused on bottomside with the thrust on the relative per-
formance of the E-CHAIM and IRI models. Based on their
Fig. 11, some conclusions with respect to the E-CHAIM
model performance for individual events can be made.
Fig. 11 shows that E-CHAIM underestimates electron den-
sity by � 10 % at the ionospheric bottomside, 50–100 km
below the height of the peak but overestimates
by � 10 % at lower heights, 150–200 km below the peak
height. Underestimates are more evident in the winter mid-
night and dawn sectors while overestimates are more evi-
dent for summer daytime. Computed total electron
content values for heights up to hmF 2 show domination
of the underestimation effect all day long (Fig. 13).

The comparison undertaken in this paper differs from
the previous work by Themens et al. (2019a) that was
focused on the shape of the profile, not on the electron den-
sity as a whole. Here we compared the E-CHAIM climato-
logical model with ‘‘instant” measurements at one specific
point located deep in the polar cap. ISR data considered
for this observational point constitute newer observations.
In our study, the temporal resolution is shorter, 5 min
instead of 15 min, and for the bins of the altitude we have
taken the fixed value of 25 km versus varying bin sizes in
Themens et al. (2019a). In addition, our data set is com-
prised of RISR-N and mostly RISR-C data in a long-
pulse mode that hopefully provides robust determination
of electron density at all heights considered.

The results of the present paper regarding NmF 2 show
comparable or somewhat less degree of consistency com-
pared to the previous E-CHAIM validation work by
Themens et al. (2017) who considered E-CHAIM predic-
tions and ionosonde data, including the RB ionosonde.
Themens et al. (2017) reported that modelled monthly-
averaged plasma frequency f 0F 2 differs from ionosonde
measurements by < 0.5 MHz. For a typical plasma fre-
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quency of 5 MHz, an error in the model predictions would
be 10 % for the plasma frequency and 20 % for the electron
density. Scaling data for specific events from their Fig. 6
gives comparable values of model errors. Our comparison
of modeled NmF 2 and RISR values shows similar model-
observation differences in the range of

NmF 2 ¼ ð10� 25Þ � 1010 m�3 but the consistency deterio-
rates noticeably for larger values for which an error” in
model predictions can be as large as � 30 %, see data in
Fig. 3a. For the heighthmF 2, our Fig. 3b shows the
model-measurement differences as large as 50–70 km at lar-
gest observed heights. This is well above the RMS model
error of � 13 km reported by Themens et al. (2017). Thus,
our comparison indicates that large peak electron densities
and large maximum heights are generally not predicted by
E-CHAIM. In a way, this is consistent with Themens et al.
(2020) who showed that E-CHAIM only captures � 25 %
of variability inNmF 2. We attribute these findings to the
fact that the model is a highly averaged representation of
the real environment, and it cannot predict anomalously
low and high values. In this view, further model-
experiment comparisons at extreme conditions are of great
interest, and this work is in our plans.

Our model-observation comparisons for various heights
and seasons show a varying degree of consistency. Compar-
ison for the middle part of the F layer showed model-to-
measurement ratios RE=R close to 1, Fig. 4a, 4b, 4c and
Fig. 5b, 5e, 5f, respectively. This is particularly evident in
summer (Fig. 4b) for which the histogram distribution for
ratio RE=R (Fig. 5e) is maximized near one. For other seasons
(equinoctial time), the distributions are wider, the standard
deviation of the distributions of 0.6–0.7 versus 0.36 for sum-
mer, indicating larger number of cases when E-CHAIM
model overestimates or underestimates. Theoverestimations
are prevailing in the autumn dawn sector (Fig. 4c) while the
underestimations are recognizable in spring daytime
(Fig. 4a). Because of these features, there is a shift of the dis-
tribution maxima towards a value smaller than one for
spring (Fig. 4a) and towards unity for autumn (Fig. 4c). Bet-
ter agreement for daytime and summer ionosphere is highly
expected because themodel itself was constructed using large
amount of data from the RB ionosonde (data collected
before 1995) with best coverage in these periods.

Qualitatively, having more events with model underesti-
mations and overestimations in the middle of the F layer
for seasons other than summer is consistent with the results
by Themens et al. (2021) who considered total electron con-
tent (TEC) data from GPS receivers in the Canadian Arc-
tic, including receivers at RB. According to their Fig. 8a,
comparable values for the model and measurements are
seen in summer with, perhaps, a minor underestimation.
However, for autumn and spring, the minor model under-
estimations are recognizable at near noon and afternoon
hours. We do expect a similarity in variations of TEC
and F region electron density in its middle part because this
part of the ionosphere contributes the most to TEC values.
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Our analysis of E-CHAIM predictions for the bottom-
side ionosphere showed electron density underestimation
for all seasons and most of the time, Figs. 4, 5a, 5d, 5 g (ex-
cept of the localized in time anomaly for nighttime in
spring, yellow spot in Fig. 4a). The medians of the distribu-
tions indicate a stronger underestimation effect in summer
compared to equinoctial time, RE=R�0.6 versus � 0.9, but
the distributions for RE=R are maximized at 0.7–0.8.

The E-CHAIM underestimation effect for the bottom-
side ionosphere is consistent with the results by Themens
et al. (2019a) who compared E-CHAIM with data from
the Poker Flat ISR in the auroral zone, e.g. their Figs. 9
and 15. Themens et al. (2019a) hinted that perhaps E-
CHAIM has some biases on the bottomside because
the model has been heavily reliant on ionosonde data.
Ionosondes cannot detect low-density events so that the
model should be biased toward larger electron density
values. This effect, however, cannot not explain persistent
model underestimation, but it can explain the anomalous
overestimation for the spring nighttime, Fig. 4a. Indeed,
Fig. 2a indicates that electron densities are very low dur-
ing this period, compared to the summer case. However,
following our explanation of the spring data, one would
expect a similar ‘‘anomaly” of enhanced ratios for the
autumn data. No obvious signatures of this expectation
can be inferred from Fig. 4c. Another explanation is
more realistic. Themens et al. (2019a) mentioned that
enhanced auroral precipitation events can be responsible
for model-measurement differences. Such precipitations
can lead to noticeable model underestimation of the bot-
tomside electron density, again because the model repre-
sents ‘‘averaged” conditions. All-in-all, our results
indicate that bottomside E-CHAIM model needs further
refinement.

In the topside ionosphere, the histogram distributions
for RE=R were all shifted to values less than one (Fig. 5c,
5f, 5i) implying model underestimation. The medians of
the distributions are close to 0.8 and the distribution peaks
are also located at � 0.8. Our conclusions for these heights
are somewhat inconsistent with Themens et al. (2019b) who
found good agreement between E-CHAIM and topside
measurements, albeit at much larger heights (>830 km),
their DMSP-IRI comparisons. At lower heights
of � 450 km, their comparison with Challenging Mini-
satellite Payload (CHAMP) data, their Fig. 17, clearly indi-
cates that E-CHAIM overestimates during summer noon
hours of low solar activity, between 2006 and 2009. We
expect that the Langmuir Probe instrument on CHAMP
underestimates the electron density, an effect well docu-
mented for the Swarm satellites (Larson et al., 20021;
Lomidze et al., 2018). If this is indeed the case, then the
data by Themens et al. (2021b) maybe be indicative of a
minor model underestimation, consistent with our results.

One comment to add. Bjoland et al. (2016) compared
predictions of the IRI model with Svalbard ISR measure-
ments in the polar cap, similarly to what has been done
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in our study for E-CHAIM and RISR. Some of their
results are reminiscent of those reported here. For example
(see their Fig. 5), their data also show best model-to-
measurement ratios (closest to 1) in summer (note that
Bjoland et al. (2016) presented results in terms of reverse
ratios compared to ours). The IRI predictions were better
for the heights around F region peak for all seasons with
the worst agreement at dawn in autumn and winter. IRI
also underestimates electron density at the bottomside
and topside for all seasons although the ratios are much
smaller, often reaching � 0.3, with more severe underesti-
mations at the bottomside as compared to the topside.
6. Summary and conclusions

In this study, E-CHAIM model predictions of the elec-
tron density over Resolute Bay were compared with RISR
incoherent scatter radar measurements. It was shown that
the model-based peak electron density NmF 2 is generally
consistent with that reported by the RISR radar for the

measured values in betweenð10� 25Þ � 1010 m�3. For
largerNmF 2, the model underestimates. The model-based
height of the electron density peak hmF 2 is generally consis-
tent with that measured by the RISR-C radar for the range
of heights 220–300 km. The model shows smaller values for
measured heights above 300 km. Thus, overall, the
E-CHAIM model has a tendency not to show extreme
NmF 2 and hmF 2 but predicts reasonably for the bulk of
cases.

By splitting the database into three groups of heights,
the bottomside, the middle part around the F region peak
and the topside ionosphere, assessment of the model-
observation consistency was performed for four seasons.
Since data for winter were very limited, no conclusions
were drawn for this season.

In terms of height, it was shown that E-CHAIM is in a
reasonable agreement with measurements for the middle
part of the F layer. Here the histogram distributions for
the ratio of predicted-to-measured electron density are cen-
tered near 1 with the best coincidence in summer. At the
topside altitudes, E-CHAIM underestimates electron den-
sities with typical predicted-to-measured ratios of � 0.8.
For the bottomside ionosphere, E-CHAIM underestimates
electron densities as well, with typical predicted-to-
observed electron density ratios being � 0.9 for equinoxes
and � 0.6 for summer.

In terms of season, E-CHAIM performs somewhat bet-
ter in summer with histogram distributions for the model-
to-observation ratio being narrower and centered closer to
1, certainly for the middle part of the F layer. For other
seasons (equinoctial time), the wider distributions indicate
larger number of cases when E-CHAIM model overesti-
mates or underestimates. In spring, the agreement is some-
what worse at noon-afternoon hours (18–24 UT).
Moreover, strong overestimation was found for altitudes
below 200 km at dawn. In autumn, the model-to-
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measured electron density ratios are somewhat better for
the afternoon and dusk hours (18–24-02 UT) and the ratios
are clearly above 1 at dawn (10–14 UT).

In terms of local time, model-to-measured electron den-
sity ratios vary with season and height. The daytime ratios
are closest to unity at altitudes around the F layer peak in
summer and worst at the bottomside in equinoxes. The
nighttime ratios are better around the F layer peak in sum-
mer and worst at the bottomside in all seasons. The dusk
ratios are comparable in a wide range of heights for all sea-
sons with values less than one at the bottomside. The dawn
ratios indicate strong overestimation in the middle part of
the ionosphere in autumn and clear underestimation at the
topside for all seasons.
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