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Abstract

This paper presents the results of a coordinated measurement campaign with ground based and satellite
observations over European and Japanese regions during September 5–6, 2017. Two incoherent scatter radars, two
satellite missions, International Reference Ionosphere (IRI-2016) empirical model, and Field Line Interhemispheric
Plasma (FLIP) physical model were employed to examine the regular behavior of the F2-layer peak height and density
and the topside ionosphere electron density, electron, and ion temperatures as well as traveling ionospheric
disturbances (TIDs). The daily ionospheric variations over Kharkiv and Shigaraki exhibited similar behavior qualitatively
and quantitatively. The results show that none of the empirical IRI-2016 models of F2-layer peak height, topside
electron density, and temperature can be preferred for predicting the key qualitative features of variations in
ionospheric plasma parameters over Kharkiv and Shigaraki. The likely reason is rapid day to day changes in solar
activity and series of moderate enhancements of magnetic activity occurring in the observation period and preceding
days. Compared with IRI-2016 model, the FLIP physical model was shown to provide the best agreement with the
observations when constrained to follow the observed diurnal variations of F2-layer peak height both over Europe
and Japan. This paper presents the first direct comparison of the mid-latitude electron density measured by the
Swarm satellite with incoherent scatter radar data and it confirms the high quality of the space-borne data. For the
first time, evidence of the possible need to increase the neutral hydrogen density in NRLMSISE-00 model by at least a
factor of 2 was obtained for the Asian longitudinal sector. The TIDs, which have predominant periods of about 50 min
over Europe and 80 min over Japan, were detected, likely caused by passage of the solar terminator. Such a difference
in the periods could indicate regional features and is the topic for further research.
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1 Introduction
Knowledge about the characteristics of geospace envi-
ronment all over the world is necessary for understand-
ing and predicting space weather phenomena during
different solar and magnetic activity conditions. Strong
space weather events such as severe and extreme mag-
netic storms are known to result in significant varia-
tions in ionosphere and thermosphere (IT) parameters
and often have negative effects on human infrastruc-
ture, especially, on space-based assets (see, e.g., Hapgood
(2011); Tsurutani et al. (2012)). Moreover, there is evi-
dence that even weak changes in parameters of the solar
wind and interplanetary magnetic field can profoundly
affect the ionosphere and plasmasphere. In particular,
Buresova et al. (2014) revealed that minor and mod-
erate storms occurring during very low solar activity
conditions can cause variations in the F2 peak electron
density (NmF2) and height (hmF2) that can rival those
observed during strong magnetic activity. Kotov et al.
(2018); Kotov et al. (2019) reported a significant decrease
(factor of 2) in plasmaspheric density that was induced
by a very weak magnetic disturbance and strong modu-
lation of the ionosphere-plasmasphere H+ ion fluxes that
causes strong variations in the ion composition of the top-
side ionosphere. The magnitude of the observed effects
depends highly on the amount of energy transferred to
the magnetosphere and ionosphere and also on the pre-
vious and current state of the IT system, its regional
features, and time of storm onset. Trigger mechanisms
of energy release can also play a decisive role due to the
highly nonlinear IT response to the external influence
(Chernogor 2011).
Tides and gravity waves propagating from low altitudes

also contribute to ionospheric variability. For example,
solar tides propagating into the low latitude dynamo
region induce electric fields that produce the so-called
wave 4 crest structure of enhanced neutral and plasma
density (Sagawa et al. 2005; England et al. 2006).
In situ and remote sensing provide reliable informa-

tion about the IT characteristics which can be measured
but the data are sparse in both the temporal and/or spa-
tial domain. On the other hand, models can reproduce
the temporal variations of IT parameters over a defi-
nite location, but they may not reflect reality. This is
caused by the lack of the data on which empirical mod-
els are based or incomplete knowledge about input or
embedded parameter values used for physical models.
For example, there are discrepancies between Interna-
tional Reference Ionosphere (IRI) model predictions and
experimental results occurring for definite regions (see,
e.g., Liu et al. (2019); Patel et al. (2019)). One way to
reduce these differences is to use data assimilation mod-
els that account for diurnal and regional variability (e.g.,
Schunk et al. (2014)). Recent investigations confirmed that

the Field Line Interhemispheric Plasma (FLIP) model can
reproduce the ionospheric and plasmaspheric variability
over the East-European region for all seasons (Kotov et al.
2015, 2016, 2018, 2019). It is important that in those stud-
ies the FLIP model was constrained to follow the observed
hmF2 variations.
Numerous experimental and theoretical studies have

established that there are strong latitudinal differences
of IT processes, thereby clearly separating the aeronomy,
dynamics, and electrodynamics of polar, mid-latitude and
equatorial regions (e.g., Heelis (2004); Kim et al. (2020)).
Such variability arises from latitudinal changes of solar
radiative heating, atmosphere composition, and circula-
tion, as well as the geomagnetic field configuration. Even
longitudinal dependencies of the IT processes occurring
during the same local time are not fully understood since
they are greatly influenced by the displacement of geo-
graphic and geomagnetic poles. The East-Siberian mag-
netic anomaly is known to be responsible for strong
longitudinal variations of NmF2 in the Northern Hemi-
sphere polar ionosphere (Pirog et al. 2001), whereas the
electron density in the Southern Hemisphere has regional
features such as the Weddell Sea anomaly (Luan and Dou
2013; Richards et al. 2017). Zhang et al. (2011); Zhang
et al. (2012) detected an east-west difference in the elec-
tron density over the continental United States using
GPS receiver and Millstone Hill incoherent scatter radar
(ISR) data.
Panasenko et al. (2018) studied background and wave-

like variations in ionospheric characteristics over the East-
American and European sectors (distant by ∼108 degrees
of longitude) from joint measurements using two mid-
latitude Kharkiv andMillstone-Hill ISRs. They found con-
siderable differences in the magnitude of both diurnal and
quasi-periodic variations in electron density and ion and
electron temperatures over ISR locations which cannot be
simply interpreted in terms of dependence on magnetic
and/or geographic coordinates.
This work is an extension of our investigation of regional

differences in the mid-latitude ionosphere. Here, we
present a comparative analysis for European and Japanese
regions (separated by ∼100 degrees of longitude). The
results from ground based and satellite observations as
well as ionospheric and plasmaspheric model simulations
are analyzed with the aim of revealing of the regional
differences and validating the empirical and physical
models.
The advantage of this study is the use of data from a

special joint observation campaign conducted with ISRs
located at Kharkiv (Europe) and Shigaraki (Japan). Both
radars were the only mid-latitude European and Asian
ISRs that operated simultaneously during the period
of 5–6 September 2017. As magnetic activity moder-
ately increased on September 6, it enabled a study of
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the longitudinal effects of a weak magnetic storm and
tested the capability of models to reproduce the storm
effects.

2 Geospace state, facilities, models, andmethods
Coordinated observations of the background, wave-like,
and storm-induced ionospheric variations were con-
ducted using the Kharkiv ISR (KhISR) and the Shi-
garaki MU radar (MUR) during 5–6 September 2017.
These stations are at mid geographic latitudes but dif-
ferent magnetic latitudes. KhISR is located in the north-
east of Ukraine at (49.6° N, 36.3° E). The Shigaraki
MUR is located at Shigaraki MU observatory, Shi-
garaki, Japan at (34.9° N, 136.1° E). The Kharkiv mag-
netic latitude is 45.5°, with a dip angle of 66.6°. The
Shigaraki magnetic latitude is 26.2° with a 49.1° dip
angle.

2.1 Solar andmagnetic conditions
The measurements were made 5–6 September 2017
prior to the onset of the severe magnetic storm of 7–8
September 2017. Though the observations were near the
minimum phase of the solar cycle (average F10.7 index
∼83), September 1–6 were characterized by enhanced
F10.7 solar flux and sunspot number values with the F10.7
index maximizing at 183 at 20 UT on September 4 (Fig. 1).
Figure 1 also shows that magnetic disturbances occurred
with maximum K and Kp values equal to 5 late on
September 4. A series of separate bursts of the AE index
occurred during September 5–6 reaching up to ∼800 nT
on September 6 morning.

2.2 Radar measurements
The Kharkiv radar characteristics, operating modes, and
software suites for data analysis were described by

Fig. 1 Variations of sunspot number, solar flux F10.7, planetary index Kp , and AE index during 1–6 September 2017. Green shaded area denotes the
ionospheric measuring campaign period. Time is UT
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Domnin et al. (2014) and Bogomaz et al. (2017) and are on
the website (http://iion.org.ua).
For this study, KhISR operated in a composite two-

frequency radio pulse mode. The first simple pulse
has a length of about 650 μs (the carrier frequency
f0=158 MHz), providing an altitude resolution of
∼100 km, while the second simple one has the pulse
length of about 135 μs (the frequency f1=(158+0.1) MHz)
and yields the 20-km altitude resolution. As a result
of receiving and processing of the first signal element
scattered by the ionosphere, the electron density, the
electron and ion temperatures, the vertical component
of the plasma velocity, and the ion composition are mea-
sured for the altitudes near the peak of the ionospheric
F2 layer and in the upper ionosphere. The return signal
from the second pulse element allows the determina-
tion of the altitude profile of the IS signal power (Ps)
at the altitudes h=100–550 km for correction of the
altitude electron density profile and estimation of verti-
cal propagation characteristics of traveling ionospheric
disturbances (TIDs) such as vertical phase velocity and
wavelength.
The Shigaraki MUR operated at a frequency of

46.5 MHz (Fukao et al. 1985, 1985; Hassenpflug et al.
2008). It is a fully active phased array system which
employs up to four independent beams and realizes
sequential sensing toward the magnetic north, east, south
and west. Standard IS modes are usually used for iono-
spheric parameter retrieval of the electron density and ion
drift velocity as well as ion and electron temperatures (see,
e.g., Table 1 from Balan et al. (1998)).
During the joint measuring campaign, the MU radar

was operated in a modified mode with only one beam
directed toward the magnetic south to provide consis-
tency between the ISR and MU results. Two different
pulse patterns (7-element code) were transmitted. The
pattern “1000000,” where “1” means a presence and “0”
means an absence of a single subpulse being of 96 μs
width, was employed for signal power. Another pattern
“1100101” enabled the estimation of autocorrelation func-
tions for retrieving ion and electron temperatures. The
patterns alternated approximately every 5 min (52 sets
of 512 scans with 11 ms interpulse period). Data were
acquired starting at 1333 μs after the pattern transmission
onset. This provided a lower boundary at a distance of
200 km corresponding to 188 km altitude for an antenna
beam zenith angle is 20°. Only data obtained during the
“1000000” pattern transmission were analyzed further in
this paper.
The electron densities measured by both radars

were calibrated using the data of ionosondes located
nearby.

2.3 Satellite data
2.3.1 DMSP satellite data
DMSP is a mission of the United States Air Force that cur-
rently consist of four satellites (F15–F18) flying in circular
Sun-synchronous, polar orbits at altitudes between 820
and 860 km (Hairston et al. 2018).
The DMSP spacecraft measure several plasma parame-

ters in the topside ionosphere with the special sensor-ion,
electron, scintillation (SSIES) package consisting of the
following thermal plasma instruments: Langmuir probe,
retarding potential analyzer, scintillation monitor, and ion
drift meter (Heelis and Hanson 1998; Rich 1994; Brace
1998).
This study used the electron density, and electron and

ion temperatures from all F15–F18 DMSP satellites. Only
the data points with good quality flags were used. The
DMSP F15 electron density data quality was previously
validated for the KhISR region (Kotov et al. 2018).

2.3.2 Swarm Langmuir probe data
Swarm is a mission of the European Space Agency pri-
marily intended to study the Earth’s magnetic field. The
mission has a constellation of three satellites named A, B,
and C which were deployed into circular near-polar low
Earth orbits at the end of 2013.
Swarm A and C orbit side-by-side at the same altitude

at ∼ 460 km (inclination 87.4°) and Swarm B flies at an
altitude of about 530 km (inclination 88°). All the satellites
are equipped with identical instruments. This study used
Level 1b 2 Hz time resolution data from the Langmuir
probes (Knudsen et al. 2017). The data are downloadable
from https://swarm-diss.eo.esa.int/.
This study uses the high-quality electron density data

from all three Swarm satellites. These data were recently
validated by comparison with ISR measurements (exclud-
ing KhISR and MUR) by Lomidze et al. (2018). Other
satellite instruments and models (IRI) indicated that
Swarm typically underestimates the electron density by
10–15%.
The Swarm electron temperatures were not used for

this study as recent validation studies have reported that
the Swarm Langmuir probe electron temperatures can be
greatly overestimated. Lomidze et al. (2018) proposed a
calibration of measured electron temperature using com-
parisons with ISR measurements. However, some prob-
lems with the data quality remain including unpredictable
jumps along the satellite orbits.

2.4 Ionospheric models
2.4.1 FLIPmodel
The field line interhemispheric plasma (FLIP) model is a
one-dimensional model that calculates the plasma den-

https://swarm-diss.eo.esa.int/
http://iion.org.ua/en
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sities and temperatures along magnetic flux tubes from
below 100 km in the Northern Hemisphere through the
plasmasphere to below 100 km in the Southern Hemi-
sphere (Richards 2001; Richards et al. 2010). A detailed
description of the FLIP model can be found in the paper
of Kotov et al. (2015).
Due to a lack of direct measurements, neutral winds are

one of the greatest uncertainties for modeling ionosphere
electron densities. The FLIP model overcomes this prob-
lem by adjusting the neutral winds to accurately reproduce
the observed hmF2 when available (Richards 1991). The
FLIP model can also use empirical model hmF2 or neutral
winds such as from the HWM-14 wind model (Drob et al.
2015). All the model runs were conducted with the actual
values of solar and magnetic activity indices.

2.4.2 Models of electron and ion temperatures
The International Reference Ionosphere model (IRI)
includes a global description of the electron temperature
(Te). Beginning from IRI-2012, the TBT-2012 model is the
default option for the topside (Truhlik et al. 2012; Bilitza
et al. 2014). The model employs a spherical harmonics
representation of the electron temperature at several fixed
altitudes where most satellite data is available (350, 550,
850, 1400, and 2000 km) providing different sets of coeffi-
cients for different seasons. As the modeling coordinates,
the magnetic local time and a special latitudinal mag-
netic coordinate invdip were used (Truhlík et al. 2001). A
Booker function (Booker 1977) was employed to describe
the altitude variation of Te. The TBT-2012 model pro-
vides a more detailed description of the diurnal variation,
including the morning overshoot, than previous models
and includes an option to describe the variation of the
electron temperature with solar activity (TBT-2012+SA).
The ion temperature (Ti) model in IRI was described

by Bilitza (1990). The model is based on the latitudi-
nal profiles from AEROS-A satellite measured at 430 km
altitude.

2.4.3 F2 peakmodels
The IRI model provides two choices for the description
of the F2 critical frequency foF2: (1) the model recom-
mended by the International Radio Consultative Com-
mittee (CCIR, 1967) and (2) the one proposed by the
International Union of Radio Science (URSI) (Rush 1989).
In this paper, we compare the observed peak electron
density with values calculated with URSI version set as
default at IRI-2016 site. The model predictions depend on
the solar activity. Additionally, the F peak storm model
(Fuller-Rowell et al. 1998, 2000) was turned on to reflect
average storms behavior in NmF2 based on the Ap history
over the preceding 33 h.
The F2 peak height is represented in IRI-2016 by three

options: (1) from the correlation with the propagation

parameter M(3000)F2 (Bilitza et al. 1979), (2) the F2
peak height data from the worldwide ionosonde network
(Altadill et al. 2013) (ATMB-2013), and (3) from the
COSMIC radio occultation measurements (Shubin 2015)
(SHU-2015). The SHU-2015 option seems to be the best
choice following from several recent comparison stud-
ies. In this study, we compared the observations with the
SHU-2015 and ATMB-2013 models. Both the models are
governed by solar activity indices and they are insensitive
to the changes in magnetic activity.

2.4.4 Topside electron densitymodels
The IRImodel includes three options for the electron den-
sity from the F2 peak up to 2000 km altitude with an
extension to high altitudes into the plasmasphere for pos-
sible comparisons with GPS TEC. The electron density
profiles from the topside models are normalized to NmF2.
The first option (IRI-2001) is based on the Bent model

(Bent et al. 1972). The Bent model construction employed
a limited amount of topside data that was available at the
time (40,000 Alouetter-1 profiles). Numerous studies with
other data have found it significantly overestimates the
electron density in the upper topside (above ∼ 500 km
above hmF2) increasing with altitude and reaching a fac-
tor of ∼ 3 at 1000 km above the peak. For this reason,
the IRI-01corr was introduced by Bilitza (2004) as a cor-
rection to the original version as a second option. The
third option, which has been included since IRI-2007 as
the default option for the topside ionosphere, adopts the
topside electron density formulation of the NeQuik model
(Nava et al. 2008).

2.5 Data analysis
The KhISR and MUR data were subjected to several pro-
cessing stages using similar methods and procedures to
ensure consistency between results. The data were first
filtered to remove narrow bursts or spikes caused by the
signal reflections from man-made objects like satellites,
space debris, and from temporal variations in KhISR and
MUR signal. We primarily estimated a signal-to-noise
ratio (ratio of powers of incoherent scatter signal and
noise, SNR) and an electron density vs time and alti-
tude. Figure 2 shows that the SNR for the MUR data
does not reach 0.1 and is up to two orders of magni-
tude less than that for KhISR. This causes the need to
average the measured MUR signal parameters over sub-
stantially longer time intervals than those usually used for
KhISR. To provide uniformity of the data of both radars
in terms of temporal resolutions that is important for
the correct comparison of the observational results, we
averaged the ISR data over 3-h intervals. We ran FLIP
model with hmF2 variations obtained by KhISR with usual
20 min resolution and after 3-h averaging to check the
possible additional errors in the FLIP plasma parameters
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Fig. 2 Signal-to-noise ratio (top) and electron density (bottom) behavior over Kharkiv and Shigaraki during joint measuring campaign on
5–6 September 2017. LT is solar apparent time

related to the averaging. The errors are typically 3–5% and
never exceed 10%. It is likely that the same applies for
MUR data.
We applied a program package called UPRISE (Bogo-

maz et al. 2017) to retrieve ion and electron temperatures
from the KhISR data but the MUR SNR was too low
to retrieve temperatures (see above). As with the elec-
tron density averaging, the temporal variations of the
ion and electron temperatures were smoothed over 3-h
intervals as were all plasma parameters computed by the
ionospheric models.
The KhISR electron and ion temperatures were

retrieved from the auto-correlation functions. In the case
of MUR, the temperatures were provided by the FLIP
model, which are consistent with those obtained by DMSP
satellites as seen below.
The electron density was evaluated using the measured

IS signal power as well as electron and ion temperatures
by algorithm described in the detail by Evans (1969).
Apart from background variations in ionospheric

parameters, we detected quasiperiodic fluctuations in
the electron density using spectral analysis. For this,
the relative variations of the KhISR and MUR power
were obtained as differences between the initial data
and those after 3-h averaging, which were normal-
ized to these average values. The adaptive Fourier

transform, which uses a sliding window with a vari-
able width to be constantly equal to three harmonic
period lengths (Chernogor 2008), was done to esti-
mate the periods of predominant oscillations. The data
analysis stages are described in detail by Panasenko
et al. (2018), but 2-h data averaging was used in that
paper.

3 Results
3.1 Comparison of observations in the European and

Japanese longitudinal sectors
Figure 2 shows the diurnal and altitude variations of elec-
tron density obtained over Kharkiv and Shigaraki. Despite
the extremely low SNR for the MUR data, the 3-h aver-
aged Ne variations over Shigaraki demonstrate physically
realistic behavior. The peak electron density exhibited
similar values (∼1–5)×105 cm−3 over both sites. The
main difference was observed in the local time morning
on September 6 (near 56 LT) where the Shigaraki Ne was
up to a factor of 2 greater than Ne over Kharkiv.
Figure 3 shows diurnal variations of the key ionospheric

parameters – hmF2 andNmF2. The magnitude of the diur-
nal change of hmF2 is largest for Shigaraki. During the
daytime, the hmF2 at Kharkiv is up to ∼20 km higher than
at Shigaraki, whereas during the nighttime, the reverse is
true. Another prominent difference is the much stronger
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Fig. 3 Smoothed diurnal variations of NmF2 (a) and hmF2 (b). Gray circles denote 3-h averaged ionosonde NmF2 and ISR hmF2 observations. Solid
red lines show the FLIP model simulations with the ISR hmF2 constraint together with doubled NRLMSISE-00 H density. The dashed blue lines are the
FLIP simulations with the wind from the HWM-14 model. The dotted brown hmF2 lines are from AMTB-2013 and dotted brown NmF2 lines are from
the FLIP model simulation using the AMTB-2013 hmF2 variation as the constraint. The black dash-dot lines show similar results when the SHU-2015
hmF2 is used in the FLIP model. The small green dotted NmF2 lines are from the IRI-2016 model. The solid arrows on the bottom panels denote the
time of a maximum AE index burst (∼800 nT). The dashed arrows show the same local time on the preceding day when the AE index was ∼50 nT

variability of hmF2 on a time scale of several hours for Shi-
garaki. The nighttime values of NmF2 are close for both
sectors (∼ 2×105 cm−3) while the daytimeNmF2 is∼30%
higher for Shigaraki. As in the case of hmF2, the NmF2
variability on a time scale of several hours is stronger for
Shigaraki. At Kharkiv, the measured NmF2 is up to 50%
lower for 12–18 UT than for 36–42 UT.
In the topside ionosphere, continuous diurnal varia-

tions of electron density were measured with KhISR but
not with MUR because of the low SNR. Fortunately, four
DMSP satellites provided daytime and nighttime data over
both the European and Japanese regions at 850 km alti-
tude (Fig. 4). At that altitude, the electron density is
close to the FLIP model values over Kharkiv and Shi-
garaki for the daytime (∼ 2.5 × 104 cm−3) and nighttime
(∼ 1.5 × 104 cm−3). The daytime DMSP electron tem-
perature over Kharkiv is up to ∼ 25% higher than over
Shigaraki. The daytime DMSP and FLIP ion temperatures
are also close for both sites (∼2400–2700 K). Several data
points for the electron density observed at lower orbits
(508 km and 445 km) by three Swarm satellites show
excellent agreement with the KhISR electron density data
(Fig. 4d, e).

3.2 Comparison of observations with empirical model
predictions

Figures 3 and 4 include a comparison of the observed
variations of ionospheric plasma parameters with the

predictions of the sub-models of International Reference
Ionosphere model.
The diurnal variation of the F2-layer peak density pre-

dicted by the NmF2 model in IRI (Fig. 3a) is consistent
with the Shigaraki ionosonde data except after 33 UT.
Over Kharkiv, the IRI model underestimates NmF2 by
∼70–100% during nighttime and by ∼ 30% during day-
time on September 6 but not on September 5.
Both IRI hmF2 models provide reasonable qualita-

tive agreement with the observations in the European
and Japanese regions (Fig. 3b). However, neither one
can be preferred in terms of quantitative agreement
with the data. The SHU-2015 model variation is much
closer to the observations during daytime but it under-
estimates hmF2 by ∼20–30 km during nighttime. In
contrast, the AMTB-2013 model predictions are bet-
ter for the nighttime (especially for Europe) while the
daytime hmF2 values are ∼ 25 km overestimated for
Japan.
The two IRI electron temperature models underesti-

mate the DMSP Te during the daytime (Fig. 4a). In the
European sector, the underestimation is ∼ 600 − 1100 K
for TBT-2012 without the solar activity (SA) option and
∼1000–1500 K with the option. In the Japanese sec-
tor, the TBT-2012 model underestimates Te by ∼300–
350 K while the SA option underestimates Te by ∼ 650–
1100 K. The absence of nighttime DMSP Te data pre-
cludes the evaluation of the model accuracy at Kharkiv.
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Fig. 4 Diurnal variations of electron and ion temperature, and electron density at 850 km (a–c), electron density at 508 km (d), and at 445 km (e).
Solid red line is the FLIP model simulation with the hmF2 constraint together with doubled NRLMSISE-00 H density, dashed pink line – the same but
with NRLMSISE-00 H density. Gray circles denote KhISR, blue triangles – DMSP, green diamonds – SWARM-A, orange squares – SWARM-B, cyan
hexagons – SWARM-C observations respectively. On panel (a), dashed brown and dash-dotted green lines denote Te variation from TBT-2012+SA
and TBT-2012 models respectively. Dash-dotted black line on panel (b) shows Ti variation from IRI-2016 model. On panels (c–e), dashed black line
denotes NeQuick, dotted green – IRI-2001, dash-dotted brown lines – IRI-01corr models calculations respectively. The models predictions and
Kharkiv ISR data are 3-h averaged

For Shigaraki, several pre-sunrise DMSP data points in
each of two nights agree better with the TBT-2012+SA
model predictions (the model overestimates Te by ∼200–
300 K); overestimation of Te by TBT-2012 model
reaches ∼600 K.
The overall agreement of the IRI model with DMSP

observations is much better for ion temperature (Fig. 4b).
During the day, the IRI model overestimates Ti by several
hundred kelvins. No reliable conclusion about the model-
data agreement for the nighttime can be made due to the
lack of data.

Electron density observations in the topside ionosphere
were compared with three optional models of IRI at
three altitudes (Fig. 4c–e). The default NeQuick model
underestimates the DMSP Ne at 850 km in the European
and Japanese sectors during the night by a factor of ∼3.
On the other hand, at the lower altitudes of 508 km and
445 km, the model-data agreement at night is excellent
over Kharkiv. There were no data to compare with the
NeQuick predictions over Shigaraki. During the daytime,
themodel-data agreement at 850 km is good for Shigaraki.
For Kharkiv, the agreement is good for September 5 but
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not for September 6 when NeQuick underestimates Ne by
a factor of ∼2. Also, for this date, notable underestima-
tion by NeQuick is seen for Kharkiv at 508 km (a factor
of ∼1.5) and at 445 km (a factor of ∼1.3). For Shigaraki,
daytime agreement of NeQuick with Swarm data point is
excellent at 508 km.
The IRI-2001 model of Ne provides better predictions

at 850 km for both longitudinal sectors and for both
day and night compared with NeQuick. The model-data
agreement is especially improved for Shigaraki while the
underestimation is still a factor of ∼1.5 for Kharkiv. At
508 km and 445 km altitudes, the IRI-2001 predictions are
very close to those of the NeQuick model.
The IRI-01corr model predictions are the same as

those of IRI-2001 at 445 km and 508 km. At 850 km,
the IRI-01corr variation is close to that of the NeQuick
model while for Shigaraki the IRI-01corr Ne variation lies
approximately in the middle of the NeQuick and IRI-2001
variations.

3.3 Comparison of observations with FLIP physical model
simulations

One of the key parameters for a successful simulation of
the mid-latitude ionosphere is the diurnal variation of the
horizontal thermospheric wind velocity, which is rarely
available from data. The main effect of neutral winds is
to change the entire electron density profile by changing
the height (hmF2) of the F2 density peak (NmF2). Some
global thermosphere physical models calculate wind vec-
tors self-consistently and there are global empirical wind
models. In both models, the velocity uncertainties are still
too large for accurate ionosphere modeling (Drob et al.
2015). To overcome the wind uncertainty, the FLIP phys-
ical model uses an algorithm that adjusts the winds to
accurately reproduce the observed hmF2 as it steps in time
(Richards 1991).
In this work, we present FLIP model simulations of F2-

layer peak density with three types of input hmF2 and with
empirical models (Fig. 3). First, the hmF2 input was the
variation observed by the ISRs. At Kharkiv, this produced
simulated NmF2 variations that are in good agreement
with the observations on September 6 (Fig. 3a). How-
ever, the model is up to a factor of ∼2 too high at
Kharkiv in the afternoon on September 5. For Shigaraki,
the largest model-data disagreement is ∼ 40% for the
night of September 6.
The FLIP model with hmF2 from the AMTB-2013

and SHU-2015 models produces overall good model-data
agreement for Kharkiv and Shigaraki. The largest devia-
tion is ∼ 100% nighttime underestimation of NmF2 over
Kharkiv by FLIP with the SHU-2015 model. As in the
case of using the ISR hmF2, the FLIP model overestimates
NmF2 for Kharkiv near sunset on September 5 by ∼ 80%
with both IRImodels. Another difference is that themodel

NmF2 decay starts ∼1.5 h too early in the evening of
September 6 over Shigaraki. That is not the case when
FLIP uses measured hmF2.
The final simulation was with the horizontal ther-

mospheric winds from the HWM-14 model. For both
longitudinal sectors the model-data agreement is worse
than with any of the hmF2 inputs. Over Kharkiv, using
HWM-14 produces a ∼ 60% overestimation of NmF2 in
the evening of September 6. Over Shigaraki, a factor of ∼2
overestimation is seen for the nighttime.
For the model comparisons with the observations in

the topside ionosphere that are shown in Fig. 4, the FLIP
model was constrained to follow the ISR hmF2 variations
and the neutral hydrogen density in the NRLMSISE-00
atmospheric model was doubled in accordance with the
recent findings of Kotov et al. (2015), (2016), (2018), and
(2019) for the European region. It is seen that the cal-
culated electron temperatures agree well with the DMSP
observations excluding the morning hours of September 6
over Kharkiv when the model underestimated Te by up
to ∼1000 K (Fig. 4a). There is also very good model-data
agreement for the ion temperature (Fig. 4b) and electron
density at all the three considered altitudes in both longi-
tudinal sectors (Fig. 4c–d). As with NmF2, the exception is
the evening of September 5 over Kharkiv where the model
overestimates Ne by a factor of ∼1.5–1.7 with the ten-
dency of increasing model-data deviation with decreasing
of altitude.
Additional simulations made with the NRLMSISE-00

standard neutral hydrogen density (Fig. 4c) clearly shows
that the doubling of H density is really needed to provide
matching the model to data not only for Kharkiv but for
Shigaraki too.

3.4 Wave processes
Figure 5 demonstrates comparative results of wave char-
acteristics and their localization in the temporal and peri-
odical domains. Over both regions, we found an enhance-
ment in the wave activity near the local solar terminator.
Some increase in the power spectral density over Kharkiv
also occurred near 09:00 and 16:00 LT, while that den-
sity was slightly amplified around 10:00 and 14:00 LT over
Shigaraki (see Fig. 5b). Figure 5c shows the substantially
downward phase progression. This is likely to indicate that
majority of the TIDs are the ionospheric manifestations of
internal gravity waves propagating from below.
Notably, the sunset terminator induced TIDs over Shi-

garaki at the same time that strong quasi-periodic fluctu-
ations in hmF2 ensued from the enhancement in magnetic
activity (cf. Fig. 3, 34–38 UT that corresponds to 19–23 LT
in Fig. 5). Separation of these two sources is facilitated
by the difference in oscillation periods. As seen in Fig. 3,
hmF2 fluctuated with a predominant period of about 4 h,
while that for the TIDs was about 80 min.
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Fig. 5 Relative variations of incoherent scatter power δP (a) measured by KhISR at the altitude of 200 km (left) and MUR at the altitude of 220 km
(right) as well as corresponding results of spectral analysis (b) and band-pass filtering (c). Subfigure (b) contains a power spectral density S indicated
by color level plotted vs time and period as well as average power E plotted vs period. Both S and E values were normalized to their maximums.
Subfigure (c) shows altitude-time plots of δP band-pass filtered in the range of 40–80 min and 60–120 min for KhISR and MUR data, respectively. The
solid lines mark the time of local sunrise and sunset terminator passage at the current altitude. LT is solar apparent time

The main difference between these KhISR and MUR
results is the greater value of predominant oscillation
period over Japanese region. Indeed, as seen in the aver-
age power plots, the maximum values of E(T) are attained
at periods of about 50 min and 80 min over Kharkiv and
Shigaraki, respectively. Unfortunately, the abrupt decrease
in the SNR with altitude for the MUR data precludes an
advanced comparative analysis of TID propagation such
as an estimation of TID vertical and horizontal phase
velocities as was done by Panasenko et al. (2019) in char-
acterizing solar eclipse induced TIDs.

4 Discussion
This study provided an opportunity to assess the distinc-
tive regional features of the ionospheric plasma variations
in two distinct regions, to test capabilities of the empiri-
cal and physical models, and to compare the capabilities
of different models and research facilities.
The observed differences between the daytime values

of NmF2 and Te in the topside ionosphere over the Euro-
pean and Japanese longitudinal sectors are attributed to
their magnetic latitudinal differences (45.5° for Kharkiv
and 26.2° for Shigaraki). It is well known that the day-
time NmF2 is higher at low-to-middle latitudes than at
mid-latitudes (e.g., Hoque and Jakowski (2011)), and this
is the case for the Kharkiv and Shigaraki data. The higher
daytime Te values over Kharkiv agree with the commonly
accepted knowledge that electron temperature increases
with latitude (e.g., Truhlik et al. (2012)). The closeness of

the observed daytime Ti values in the topside ionosphere
over the two regions is also consistent with our knowledge
of global climatology for these parameters (Bilitza 1990).
In contrast, the closeness of the topside Ne over Kharkiv
and Shigaraki seen from DMSP data disagrees with the
predictions of all three climatological Ne models which
show a significant increase of the topside density towards
lower latitudes (Bilitza 2004; Nava et al. 2008).
The rapid day to day changes in solar activity and

series of moderate enhancements of magnetic activity
on September 5–6 and on preceding days (see Fig. 1)
make this period difficult for both physical and empirical
models.
The hmF2 predictions over Kharkiv and Shigaraki from

the IRI models (AMTB-2013 and SHU-2015) follow the
observations reasonably well but there are systematic
deviations between the models and observations that can
reach several tens of kilometers, which leads to unaccept-
able bias when NmF2 is simulated by physical models. The
HWM-14 model neutral winds significantly overestimate
hmF2 and NmF2 most of the time in both regions. This
may imply some bias in the thermospheric wind velocity
of HWM-14 for the European and Japanese sectors during
the period of the study.
However, even using of the measured hmF2 variations as

a neutral wind proxy for the FLIP model does not always
guarantee better quality of NmF2 reproduction. For exam-
ple, the measured NmF2 at Kharkiv is up to 50% lower
for 12–18 UT than for 36–42 UT and such a low density
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was not reproduced by the FLIP model. This is most likely
because the NRLMSISE-00 model is underestimating the
effect of the enhanced magnetic activity on the neutral
composition during the preceding hours.
At Shigaraki, there is evidence of a weak magnetic dis-

turbance that affects the F2-layer peak in the local evening
(UT=32–34) of September 6 as indicated by the solid
arrow in Fig. 3. The effect is clearly visible with hmF2 ris-
ing reaching up to 60 km higher than on the previous
evening (UT=8–10). The apparent cause of this behav-
ior was the increase of AE from ∼50 nT up to ∼800 nT
within ∼3 h interval (at ∼31–34 UT), which came fol-
lowing ∼10 h of low magnetic activity. This significant
uplifting over Shigaraki could be classified as a positive
ionosphere storm from the passage of a traveling atmo-
spheric disturbance (TAD) generated in the auroral zone.
The FLIP model generates a clear rise in NmF2 that
would be expected from the TAD. The weaker increase
in NmF2 may be caused by storm related changes in neu-
tral composition which were not correctly reflected by
the NRLMSISE-00 model. It is interesting that the magni-
tude of the hmF2 uplifting for Shigaraki is close to those
obtained for the same (Asian) longitudinal sector in 1980s
by Hajkowicz (1999). The FLIP model enhancement of
electron density in the topside ionosphere over Shigaraki
occurred just after the hmF2 uplift. A similar enhance-
ment was observed by KhISR and reproduced by the FLIP
model for the similar event prior to sunset of Septem-
ber 25, 2016 (Kotov et al. 2019). The magnitudes of hmF2
uplifting and related enhancements of NmF2 and top-
side electron density were close to those we see here for
Shigaraki.
The ionosphere over Kharkiv does not show similar

TAD like behavior during this period (UT=32–34). This
different ionosphere response could be a local time effect
(e.g., Balan and Rao (1990)) either because of the longi-
tude of the auroral impulse or the direction of the neutral
wind. Towards the late afternoon, the thermospheric wind
changes from poleward to equatorward. In such condi-
tions, a magnetic disturbance may enhance the normal
equatorward wind that leads to a more intense plasma
uplifting along the magnetic field line. This behavior was
less likely for Kharkiv where near-noon conditions nor-
mally correspond to a stable poleward wind. In such a
case, a short-time enhancement of auroral activity was
unable to produce a significant wind surge and uplift the
ionosphere over Kharkiv.
In the topside ionosphere, the best agreement with

the observations is with the FLIP physical model simu-
lations for all the considered plasma parameters. Empir-
ical models still need much improvement for describ-
ing the diurnal plasma parameter variation on a given
day. This need is especially clear for the electron den-
sity models. None of the three Ne options of IRI can

provide acceptable agreement with the observations in
either region. Themodels of electron temperature provide
overly smoothed diurnal variations of Te. Also, the model-
data comparison reveals the need to increase the magni-
tude of day-to-night change of Te in the IRI TBT-2012
model.
The direct electron density comparison of Swarm and

Kharkiv ISR observations is the first such comparison
for the European sector and for the typical magnetic
mid-latitudes. All the previous comparisons (Lomidze et
al. 2018) were made for American sector with the data
of ISRs in Jicamarca (equatorial), Arecibo (low-middle),
and Millstone Hill (sub-auroral). This comparison sup-
ports the high quality of Swarm electron density data for
mid-latitudes.
An important new result from this study is that it pro-

vides evidence of the need to increase the neutral hydro-
gen density in NRLMSISE-00 model by at least a factor of
2 for the Japanese longitudinal sector (Fig. 4c). Such a need
was previously deduced from different techniques for the
American (Nossal et al. 2012, 2019) and European (Kotov
et al. 2015, 2016, 2018, 2019) sectors. Here, we provide the
first such evidence for Asian sector. This need should be
validated by more model/data comparisons for different
seasons and conditions.
The TID events observed over Kharkiv and Shigaraki

were likely caused by the solar terminator passage because
the enhancement in wave activity mostly occurred in the
morning and evening hours (see Fig. 5). Thus, our results
indicate that the solar terminator can be an effective
source of ionospheric disturbances for different longi-
tudinal regions. The detected TID periods are also in
good agreement with the results of previous studies (see,
e.g. Oliver et al. (1997); Song et al. (2013); Nygrén et al.
(2015); Panasenko et al. (2018)). They exhibit a greater
value for Japanese (about 80 min) than European (about
50 min) region. Notably, the very similar periodicities of
59±11 min for large scaled TIDs over Europe (Borries
et al. 2009) and 80±29 min for those over Japan (Tsug-
awa et al. 2004) were reported. Such similarity could be
simply a coincidence but could also reflect the regional
features of wave processes and is the issue for further
research.

5 Conclusions
This coordinated observational campaign using two inco-
herent scatter radars, two satellite missions, during 5–
6 September of 2017 and appropriate model simulations
provided the following key results.
1. The regular variations of the main plasma parameters

at the F2-layer peak and in the topside ionosphere (elec-
tron density, electron and ion temperatures) for Kharkiv
are close to those for Shigaraki qualitatively and quan-
titatively. Most of the slight differences seen from the
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observations may be explained by the differences in their
geomagnetic latitudes.
2. The International Reference Ionosphere empirical

model is capable of predicting the qualitative features
of the variations in the key ionospheric plasma parame-
ters over Kharkiv and Shigaraki. However, the predictions
still need to be improved quantitatively. None of the
optional IRI sub-models of the F2-layer peak height, top-
side electron density, and temperature can be considered
preferable.
3. The FLIP physical model provides the best agreement

with the observations when being constrained to follow
the observed diurnal variations of hmF2. Using the winds
from the HWM-14 model in FLIP leads to an overestima-
tion of hmF2 during the whole day for both regions, which
causes biases in NmF2 calculations.
4. The high quality of Swarm electron density data is

confirmed for the first time by a direct comparison with
the ISR located at typical mid-latitudes (Kharkiv).
5. It was pointed that the rapid day to day changes

in solar activity and series of moderate enhancements
of magnetic activity on September 5–6 and in the pre-
ceding days made this period difficult for both physi-
cal and empirical modeling. The ionospheric response
to the weak magnetic disturbance following ∼10 h of
magnetically quiet conditions (in the UT morning of
September 6, 2017) was studied. Significant regional
differences were found, apparently caused by the well-
known LT effect of magnetic storms. This effect was
confirmed by simulations with the FLIP model. The
magnitude of the storm-induced hmF2 enhancement
observed over Shigaraki is found to be close to estimates
obtained for the same longitudinal sector in 1980s by
Hajkowicz (1999).
6. For the first time, evidence of a need to increase

the neutral hydrogen density in NRLMSISE-00 model
by a factor of at least 2 was obtained for the Asian
longitudinal sector. More studies should be done to
check if the same need is valid for other seasons and
conditions.
7. Traveling ionospheric disturbances, likely induced by

solar terminator passage, were detected over both Kharkiv
and Shigaraki. They exhibit different dominant periods
of about 50 min and 80 min over Europe and Japan,
respectively. This could reflect differences in local time
of occurrence as well as differences in latitude, longitude,
and magnetic field inclination/declination that need to be
further investigated.
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