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Abstract. Using data from ionosondes, located in
East Asia, and total electron content maps, we have
made a comparative analysis of ionospheric disturb-
ances associated with the intense geomagnetic storms of
December 14-16, 2006 and December 19-22, 2015.
These storms had almost equal peak intensities
(Dstmin=—162 and —155 nT), but different durations of
the main phases (2.5 and 19 hr). At the beginning of
both the storms, the region under study was located in
the vicinity of the midnight meridian. lonospheric re-
sponses to magnetic storms differed in: i) an increase in
the F2-layer critical frequency at subauroral latitudes,
caused by an increase in auroral precipitation, during
the initial phase of the former storm and the absence of
this effect in the latter; (ii) a sharp drop in the critical
frequency in the evening hours of the main phase of the
latter storm, caused by a shift of the main ionospheric
trough to lower latitudes, and the absence of this effect
during the former storm; (iii) generation of a short-term

positive disturbance observed at subauroral latitudes
only in the early recovery phase of the former storm
after the negative ionospheric disturbance. During both
the storms at middle latitudes there were positive dis-
turbances and wave-like fluctuations of the critical fre-
guency which increased in the vicinity of the dawn me-
ridian. The main causes of the differences between the
ionospheric storms are shown to be the differences be-
tween the initial conditions of the magnetosphere—
ionosphere system and durations of the main phases of
magnetic storms.

Keywords: severe magnetic storms, interplanetary
drivers, winter ionospheric storm effects.

INTRODUCTION

The response of the magnetosphere—ionosphere sys-
tem to interplanetary inhomogeneities manifests itself in
extreme cases as geomagnetic storms and their attendant
ionospheric disturbances called ionospheric storms
[Bryunelli,Namgaladze, 1988]. The spatio-temporal
dynamics of magnetospheric-ionospheric storms de-
pends on various external and internal factors. The main
external factors are considered to be the type and power
of interplanetary drivers of storms, as well as the time
during which they affect Earth's magnetosphere. The
internal factors include the initial state of the magneto-
sphere—ionosphere system, season, universal time of
storm onset (UT), geographic and geomagnetic position
of an observation point, its local time (LT) at the begin-
ning of the storm, etc. [Buonsanto, 1999; Goodman, 2005;
Sharma et al., 2005; Mendillo, 2006; Kalita et al., 2016].

Geoeffectiveness of interplanetary structures is esti-
mated from solar wind density (Ns,) and velocity (Vgy),
azimuthal (By) and vertical (B,) components of the inter-
planetary magnetic field (IMF) [Lee et al., 2004; Clauer et
al., 2006; Gonzalez et al.,2011; Tsurutani et al.,2014].The
estimate is made from satellite data obtained ahead of the
near-Earth shock or near the Lagrange point L1 of the Sun
— Earth system. The magnetic storm intensity is determined
from extreme Dst, SYM-H, and K, indices.

lonospheric storms are generally studied using the
parameters f,F2 or N, F2=1.24E4-f F2%. Here f,F2 is
the F2-layer critical frequency measured by vertical
sounding stations. The difference between current and
background values of f,F2/N,,F2is used to determine the
type of ionospheric disturbance developing in the iono-
spheric region of interest [Bryunelli,Namgaladze, 1988;
Buonsanto, 1999; Goodman, 2005]. Rodger et al.
[1989] proposed to use the disturbance index In(N/Ny),
where N and N, are respectively the current and back-
ground (measured on magnetically quiet days) values of
NmF2, to estimate ionospheric conditions. Wang et al.
[2014] and Chen et al. [2014] put forward a method for
determining the local and planetary indices of iono-
spheric disturbances from aperiodic component of f,F2
sets. However, these indices have not gained wide-
spread acceptance yet.

It is important to note that the insufficient spatial
resolution of data obtained from ground and satellite
ionosondes preclude the reproduction of the global pat-
tern of ionospheric storm development. To overcome
this shortcoming, most current studies use total electron
content (TEC) data [Mendillo, 2006; Borries et al.,
2016; Dmitriev et al., 2017]. TEC variations can, how-
ever, differ greatly from N,,F2 variations during mag-
netic storms (see, e.g., [Liu et al., 2016] and literature
therein). This casts doubt on the validity of the use of
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TEC data for devising and testing models that adequately
reflect the disturbed ionosphere dynamics and, accord-
ingly, radio wave propagation conditions. Furthermore,
the integrated nature of TEC values does not allow us to
keep track of the electron density in the E-region,
which, along with the F-region, strongly affects the ra-
dio wave propagation conditions. The study of the iono-
sphere with ionosondes is therefore still relevant.

The purpose of our work is to compare the iono-
spheric responses to the severe geomagnetic storms
of December 14-16, 2006 and December 19-22,
2015. These storms are similar in intensity, season,
and onset time. The relevance of the comparative
analysis of events occurring in the same season and
results of their simulation has been substantiated in
[Kalita et al., 2016; Zhang et al., 2017; Dmitriev et
al.,2017], where the strong magnetic storms of March
17-19, 2013 and 2015 with Dstpi,=—132 and -222
nT respectively were examined. Dmitriev et al. [2017]
have further considered the March 8-9, 2008 moder-
ate storm (Dst,;,=—86 nT). They obtained a quantita-
tive agreement between values calculated from the
global self-consistent model of the thermosphere,
ionosphere, and protonosphere (TIP GSM) and exper-
imental values of N,,F2 for the storm in 2008, a quali-
tative agreement for the storm in 2013, and a com-
plete disagreement for the storm in 2015, the strong-
est of those under study. Considerable differences
between ionospheric parameters measured and ob-
tained with the best known models for strong magnet-
ic storms have been observed in [Buonsanto, 1999].
This points to the need to identify all relationships
between  heliospheric-magnetospheric-ionaospheric-
thermospheric processes, which should be taken into
account in modeling the ionospheric response to a
strong magnetic storm.

Our study is based on data acquired with ground-
based ionosondes in the same region of East Asia. This
enables us to partially eliminate the internal factors
mentioned above, and thereby clarify the relationship
between ionospheric storms, magnetic storms, and their
interplanetary drivers. For a more detailed study, we
will supplement vertical sounding data with data from
radio paths passing through the region of interest and
with GPS TEC data. Moreover, the use of the ionosonde
network covering latitudes from 18° to 69° N allows us
to gain new information on relationships between the
processes that cause ionospheric disturbances in differ-
ent latitudinal zones.

Our paper is structured as follows. In Section 1, we
compare the main characteristics of magnetic storms
and their interplanetary drivers; in Section 2, ionospher-
ic responses to magnetic storms. In Section 3, we ex-
plore the possible causes for the differences in the dy-
namics of ionospheric disturbances during two storms;
in Section 4, we summarize the results of the study.

1. MAGNETIC STORMS
AND THEIR INTERPLANETARY
DRIVERS

The storms of December 14-16, 2006 and December
19-22, 2015 we deal with are similar in season, onset time,
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and intensity. They began at around 14 and 16 UT eight
days and three days before the winter solstice, and had
Dstyin=—162 and —155 nT respectively.For brevity, we
introduce the notations S2006 and S2015 for the former
and latter storms respectively.

Variations in the geomagnetic indices during the
storms are shown in Figure 1; geoeffective parameters of
the solar wind and IMF, in Figure 2. Plots in Figure 2 are
constructed from ACE data for S2006 and from WIND
data for S2015. During the measurements, the satellites
were near the Lagrange point L1 of the Sun — Earth system
at a distance of ~42 Rg and ~27 Re (R is the Earth radius)
from the Xgsg axis and provided adequate information
about characteristics of the interplanetary medium affect-
ing the magnetosphere [King, 1986; Ericsson et al., 2000].
Basing on SYM-H trends, we determine the intervals
corresponding to different storm phases (see Table 1).
Boundaries of the intervals are shown in Figure 1 by
vertical lines. Vertical lines in Figure 2 correspond to
the lines presented in Figure 1 and thus bound the inter-
planetary structures whose time of arrival to the subso-
lar point of the magnetosphere coincides with respective
storm phases. The moments of UT marked off in Figure
2 are identified by transferring fragments of heliospher-
ic plasma from the satellite to the subsolar point of the
magnetosphere with a velocity Vy,. The lines denoted
by SSC (storm sudden commencement), M, R1, and R2
indicate storm sudden commencements, beginning of
their main, early, and late recovery phases respectively
in the first and subsequent Figures. The M2 line marks
the beginning of the second decrease in SYM-H, i.e. the
beginning of the second step of the S2015 main phase.

Under the Dst and SYM-H plots are variations of a
three-hour K, index, minute AE and PCN/PCS indi-
ces. The K, index is a measure of planetary magnetic
activity; AE, magnetic disturbances in the auroral
zone. Polar cap indices (PCN and PCS), determined
using magnetic data from Thule and Vostok polar
stations, correspond to the strength of the geoeffec-
tive interplanetary electric field (IEF) acting on the
magnetosphere [Troshichev et al., 2006].

Using plots of Figures 1 and 2, let us list in chrono-
logical order the features that most clearly represent the
similarity and difference between the magnetic storms
and their interplanetary drivers.

1. The plots of Dst variations presented on the web-
site [http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html] show
that the average level of geomagnetic activity for five
days prior to the storms was higher in December 2006
(Dst~-30 nT, K,~-3) than that in December 2015 (Dst~—
10 nT, Ky~ 2). An hour before the former storm, Dst~-25
nT, Ky~2; an hour before the latter, Dst~0 nT and Ky~1.
Thus, Earth's magnetosphere was less stable at SSC of
$2006 than that at SSC of S2015.

2. The solar wind radial velocity and density in-
creased up to V4, ~900 km/s and N,,~9 cmat the lead-
ing edge of the S2006 driver; up to V;,~480 km/s and
Nsw~20 cm™3 at the leading edge of the S2015 driver.
The relatively low velocity and high density of the solar
wind were observed throughout the region of the S2015
interplanetary driver.
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Figure 1. From top to bottom: variations in SYM-H (black line) and Dst (gray line) indices, K, AE indices, and PCN/PCS
(black/gray line) indices for S2006 (a) and S2015 (b) storms
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Figure 2. Variations of the solar wind velocity (Vg,), ram pressure, and density (P, and Ng,; black and gray lines respective-
ly), of the IMF modulus ( By), vertical ( B), and azimuthal (B,) components in the GSM coordinate system (from top to bottom).
The vertical lines represent the beginning and end of magnetic storm phases marked in Figure 1 and listed in Table 1
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Table 1
Geomagnetic storm phases
Storm phase
initial main recovery
Storm Ut uT step early late
! AT ! AT uT uT UT
' ' ! AT, ! AT, hr ! AT, hr
day hr day hr day hr day day
December 14:15- 8.25 22:29-00:55, 25 00:55-12:30, 11.5 12:30-17:56, 295
14-16, 22:29, December December 15 December
2006 December 14-15 15-16
14
December 16:18- 115 03:42-22:52, 19 03:42-09:34, 6 22:52-23:52, 25.0 23:52-13:22 61.4
19-24, 03:42, December 20 12:48-22: 52, 10 December December
2015 December December 20, 20-21 21-24
19-20

3. Ram pressure jumps differing in amplitude
(APg,~9 and ~4 nPa at the leading edges of the S2006
and S2015 drivers) caused almost similar jumps of
ASYM-H~22 and 24 nT, but different changes of the AE
index. In the first case, the peak-like increases in AE up
to 1000-2100 nT began immediately after SSC and last-
ed for ~4 hrs. In the second, the SSC was followed by a
peak of AE ~760 nT, which lasted for ~0.5 hr. The AE
peaks suggest the development of substorm-like events
whose triggers might have been changes of interplane-
tary medium parameters including those at the leading
edges of the interplanetary drivers of the storms. These
edges are called interplanetary shocks [Bargatze et al.,
1985; Zhou, Tsurutani,2001; Yue et al.,2010]. The differ-
ence between the responses of auroral currents to the
shocks could be caused by at least three factors. These
are differences between APy, values, initial conditions
of the magnetosphere—ionosphere system and IEF
strengths (see the PCN and PCS plots in Figure 1).

4. The plots drawn in Figure 1 and the data listed in
Table 1 show that the storms differ most widely in
duration (AT) and structure of the main phase. The
S2006 storm is one-step, and the S2015 storm is two-step.
During the 2.5 hr main phase of the former storm, the
SYM-H index decreased with a mean rate of ~90 nT/hr
from SYM-H~OnT to minimum SYM-H =-211 nT.
During the 19 hr main phase of the latter storm, SYM-H
decreased from 34 to —77 nT (the first step), increased
to —40 nT, and decreased again to SYM-H,,;,=—170 nT
(the second step) within 6, 9, and 19 hrs after the be-
ginning of this phase. In this case, the mean rate of the
SYM-H decrease was ~—10 nT/hr. Extreme K, was 8+
during the former storm and 7- during the latter.

5. The B, plots presented in Figure 2 show that the main
phases of the two storms correspond in time to the regions
of the southward IMF B, component. At the leading edges
of these regions there was a fast, ~10 min, north-to-south
turn of B,, which caused an IEF enhancement, with B,
equally decreasing from ~15 to -15 nT. A part of the
S2006 driver responsible for the generation of the main
phase comprised a magnetic cloud — a region of the mag-
netic field that was strong, slowly varied in strength and
direction with low solar wind density: N, ~2 cm™. It is
believed that interplanetary drivers of this type are the most
powerful heliospheric sources of geomagnetic storms [Tsu-
rutani, Gonzalez, 1997; Gonzalez et al.,2002; Borovsky,
Denton, 2010]. The high solar wind density in the region

associated with the S2015 main phase of the two-phase
enhancement of negative IMF B, does not allow us to con-
sider this structure as the magnetic cloud.

6. Judging from maximum PCN and PCS, the
strength of IEF and, accordingly, of the magneto-
spheric convection field during the main phase of
S2006 was ~1.5 times higher than that during the first
stepof S2015. This difference is associated with the
velocity of the S2015 driver, which is lower than that
of S2006, and with the weak IMF B, component in
the region responsible for the generation of the main
phase of the latter storm. Despite the strong magneto-
spheric convection, AE during the S2006 main phase
was 1.5-2 times lower than that during the S2015
main phase. Zolotukhina et al. [2012] have demon-
strated that during the S2006 main phase the center of
the westward jet was in the sub-auroral zone, not in
the auroral one. Hence it follows that in this case AL
and AE underestimate the auroral activity level.

7. The early recovery phases of S2006 and S2015
correspond to periods of non-monotonic decrease in the
southward IMF B, component. The S2006 early recov-
ery phase developed when B,>0. At the end of this
phase, auroral activity increased with an increase in AE
to ~2000 nT. According to the results obtained by Tro-
shichev et al. [1986], the increase might have been trig-
gered by the change of the IMF By sign from positive to
negative. The S2015 early recovery phase developed at
B, <0.Velichko et al. [2002] has indicated that with

this orientation of IMF the intensity of geomagnetic
disturbances in the auroral zone of the Southern Hemi-
sphere is higher than that in the auroral zone of the
Northern Hemisphere.

8. The differences between characteristics of the in-
terplanetary drivers of the storms are connected with the
differences between their primary sources. An external
driver of S2006 was the interplanetary coronal mass
ejection (ICME) that appeared around 02:40 UT on De-
cember 13 after the X3.4/4B flare
[http://www.solen.info/solar/old_reports]. The complex
interplanetary driver of S2015 was formed by the inter-
action of two ICMEs whose occurrence was recorded at
09:36 and 14:24  UT on December 16
[https://cdaw.gsfc.nasa.gov/CME_list]. The former ejec-
tion accompanied the C6/1F flare and moved with de-
celeration; the latter was caused by a filament eruption
and moved with acceleration.
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2. IONOSPHERIC

DISTURBANCES

To analyze the ionospheric response to the magnetic
storms, we have used data from ionospheric stations
located in East Asiaand from three oblique sounding
radio paths. Coordinates of the ionospheric stations,
transceivers along the radio paths, and their midpoints
are given in Table 2. lonospheric activity was estimated
relative to the background values obtained by averaging
ionospheric parameters measured under quiet geomag-
netic conditions (on December 5 and 13, 2006, and De-
cember 17 and 18, 2015). Variations in f,F2, cutoff fre-
quency of the sporadic E layer (f;Es), as well as in max-
imum observed frequencies of one-hop (MOF1F) and
two-hop (MOF2E) modes are shown in Figures 3, 4 for
S2006 and S2015 respectively.

2.1. Initial phase

During the two SSC, the ionosonde chain of interest
was in the night sector. In both the cases, the sporadic E
layers (Es) characteristic of the diffuse precipitation
zone were observed at Zhigansk and Yakutsk high-
latitude stations before and after the SSC. The differ-
ence between the responses of the high-latitude iono-
sphere to the initial phases of the storms is a sharp
change of ionospheric parameters for S2006 and the
absence of marked changes for S2015.Figure 3 shows
that Zhigansk station observed diffuse reflections from
the F2 layer with increased f,F2 only during the first
hour; and reflections from intense E; layers, which al-
ternated with periods of complete absorption, during the
entire initial phase. At that time, Yakutsk station ob-
served the E; layers and diffuse reflections from the F2
layer whose critical frequencies were 1.5-2 times higher
than those under quiet geomagnetic conditions.

At Magadan mid-latitude station during the
nighttime of S2006 there were no reflections on iono-
grams. This may suggest that it was near the main iono-
spheric trough (MIT). This conclusion is confirmed by
oblique sounding data. Along the Magadan — Irkutsk
path there were no reflections of regular modes. Hence,
the northern section of the path from the transmitter
toits midpoint was located near MIT. From 17:40 to
19:30 UT on December 14, only abnormal diffuse sig-
nals that which propagated outside the great-circle arc
were detected. This also suggests that the MIT polar
wall was close to the HF radio wave propagation path.
Along the meridional Norilsk — Irkutsk path, only the
2E; mode was recorded, thereby indicating that the E;
layers developed along the propagation path. During the
nighttime of S2015 there was the F2 layer with critical
frequencies close to background values. Thus, we can con-
clude that in the S2015 initial phase the MIT boundaries
were further north than those in the S2006 initial phase.

At other mid-latitude stations during the initial phase of
both the storms, f,F2 significantly differed from the
background one. The main difference in the mid-latitude
ionosphere response is associated with the appearance
of flat sporadic layers at Irkutsk and Mohe stationsdur-
ing S2015. Note that the initial phase of S2015 was
longer-term than that of S2006 and covered the dawn
sector. During morning hours, Magadan, Irkutsk, and
Khabarovsk stations observed wave-like fluctuations of
f,F2 due to the passage of medium-scale traveling iono-
spheric disturbances (T1Ds) showing as cusps and hooks
on a high-frequency part of ionograms.

Table 2

Coordinates of ionospheric stations, transceivers, and midpoints of radio paths

. Geographic coordinates
N Stations Latitude, °N Longitude, °E
1 | Norilsk 69.4 88.1
2 | Zhigansk 66.3 123.4
3 | Yakutsk 62.0 129.9
4 | Magadan 60.0 151.0
5 | Irkutsk 52.5 104.0
6 | Mohe 52.0 122.5
7 | Khabarovsk 48.5 135.1
8 | Wakkanai 45.4 141.7
9 | Beijing 40.0 116.3
10 | Jeju 33.1 126.3
11 | Yamagawa 31.2 130.6
12 | Okinawa 26.3 127.8
13 | Sanya 18.3 109.4
Magadan—Irkutsk
14 (midpoint) 58.5 122.8
Khabarovsk-Irkutsk
15 (midpoint) 51.25 119.6
Norilsk—Irkutsk
16 (midpoint) 60.9 98.0
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Figure 3. Variations in the F2-layer critical frequency (a—f) under quiet (gray line) and disturbed (black line) conditions, in
the Es-layer cutoff frequency (a, b, d, asterisks) at the ionosonde network, and in maximum observed frequencies (g, h) of one-
hop (MOFL1F, black line) and two-hop (MOF2E;, asterisks) modes along the Magadan — Irkutsk and Norilsk — Irkutsk paths dur-
ing the December 14-16, 2006 magnetic storm. Squares mark MOF signals propagating outside the great circle arc
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December 19-22, 2015
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Figure 4. Variations in the F2-layer critical frequency (a—f) under quiet and disturbed conditions, in the Es-layer cutoff fre-
quency (a—e) at the ionosonde network, and in MOF (g, h) of one-hop (1F) and two-hop (2E) modes over the Magadan — Irkutsk
and Khabarovsk — Irkutsk paths during the December 19-22, 2015 magnetic storm. Notations are the same as in Figure 3
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2.2. Main phase

The S2006 main phase began in the dawn sector; and the
S2015 one, in the pre-noon sector. The most notable increas-
es in f,F2 during S2006 occurred in the dawn sector at the
stations located in 130-150° E longitudes. At that time inthe
high-latitude stations there were no echo signals on iono-
grams due to absorption.

The first step of the S2015 main phase featured the
development of a positive disturbance at all latitudes. A
marked increase in f,F2 was observed at Zhigansk
(~30-35 %), Yakutsk (~40-50 %), Irkutsk (~30-40 %),
and Okinawa (~60-70 %) stations. This positive dis-
turbance covered daylight and evening hours. Judging
from the morphological characteristics, it might have
been due to the enhancement of the equatorward ther-
mospheric wind component. The disturbance developed
simultaneously with peak-like increases in PCN, PCS,
and AE, which indicated the enhancement of the mag-
netic convection field and auroralelectrojets, as well as
with multiple increases in Ny, to 40-70 cm™ able to
cause an increase in fluxes of particles precipitating into
the high-latitude ionosphere.

The plot of H-component variations drawn in Figure
6, d shows that Tiksiauroral station observed only weak
enhancements of the eastward electrojet. Such enhance-
ments often occur even in magnetically quiet conditions.
They cannot heat the atmosphere sufficiently to generate
the positive element of the ionospheric storm, which was
observed in the longitudinal sector of interest. We believe
that in this case the positive disturbance was caused by
heating of the atmosphere in the nightside of the auroral
zone and in the vicinity of the cusp.

On December 20, 2015 between 07:30-10:00 UT
(15:30-18:00 LT), the high-latitude stations observed a
sharp evening drop in the critical frequency typical for
disturbed conditions, which was followed by the appear-
ance of intense blanketing sporadic layers. At night (during
the second step of the main phase), Magadan, Irkutsk, and
Khabarovsk mid-latitude stations observed flat Es layers.
On the same day at the end of the second step (at 21: 30—
21 45 UT), the critical frequency, according to Khabarovsk
station data, decreased to 2 MHz, and on oblique sounding
ionograms from the Khabarovsk — Irkutsk path were ab-
normal signals propagating outside the great circle arc.
Okinawa low-latitude station observed wave-like fluctua-
tions of f,F2, which also continued during the recovery
phase of the storm.

Referring to the MOF plots, during the S2006 main
phase propagation of HF radio signals along the Magadan
— Irkutsk path was performed by the 1F and 2E; modes;
and along the Norilsk — Irkutsk path, only by the 2E; mode.
During the S2015 main phase, this mode was observed
only along the Magadan — Irkutsk path before the onset of
the second step of the main phase.

2.3. Recovery phase

During the early recovery phases of both the
storms, strong variations of ionospheric parameters
occurred in all latitudes.

During S2006, Zhigansk station observed no reflec-
tions in pre-noon hours due to increased absorption [Zolo-
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tukhina et al., 2012]. During daylight hours, Yakutsk
station occasionally recorded extremely low f,F2. The
main feature of the behavior of f,F2 is the generation of a
short-term positive disturbance observed at Zhigansk sta-
tion within 04:15-05:00 UT, at Yakutsk within 05:15-
06:15 UT, at Magadan within 04:00-05:30 UT, at Khaba-
rovsk within 02:30-03:30 UT, at Okinawa within 02:45-
04:00 UT on December 15, 2006. A similar short-term
MOF increase occurred over the Magadan — Irkutsk path
within 05:00-06:30 UT. Over the Norilsk — Irkutsk path
there was no such an increase in MOF. In the remaining
hours, the mid-latitude stations recorded critical fre-
quencies that were significantly higher than the back-
ground ones. An exception are the f,F2 variations at
Khabarovsk station, where the F2-layer critical frequencies
were close to the background values at that time.

During the S2015 recovery phase in the afternoon,
Zhigansk, Yakutsk, and Magadan stations observed a
negative disturbance such that f,F2 decreased 1.5-2 times
relative to the background one. At that time over Irkutsk
and Khabarovsk stations, positive disturbances developed.

Of particular interest is the appearance of intense blan-
keting E; layers over Irkutsk station during the nighttime
on December 15, 2006 (16:30-20:00 UT), which facilitate
propagation of HF radio signals only by the 2E; mode
along the Magadan — Irkutsk and Norilsk — Irkutsk paths.
Note that on December 21, 2015 in the given UT period,
Yakutsk, Magadan, and Irkutsk stations observed the Eg
layers, and recorded only the 2E ; mode along the
Magadan —Irkutsk path. Mohe station detected no reflec-
tions. Critical frequencies at Khabarovsk station and MOF
along the Khabarovsk — Irkutsk path were significantly
lower than the background ones. This might have been due
to the slow recovery of the plasmasphere and, accordingly,
of its conjugated ionosphere after the main phase of the
magnetic storm [Romanova, Tashchilin, 2013; Tashchilin,
Romanova,2014]. At Okinawa low-latitude station, the
recovery phases of the storms were accompanied by wave-
like fluctuations of f, F2.

Note that the wave-like fluctuations of f,F2 occurred
both before the storms and during all of their phases.
This is shown more clearly in Figure 5. Plots presented
in Figure 5 are constructed from 1-5 hrf,F2 variations,
separated from the initial series by a bandpass filter,
which does not distort phase [Marmet, 1979]. Bounda-
ries of the filter are determined from f,F2 spectra. In
Figure 3 (for S2006), the wave-like fluctuations on the
f,F2 plots are seen only at the stations located to the
south of 48° N. The filtered f,F2 series are presented for
these stations in Figure 5, a. Figure 4 indicates that dur-
ing S2015 disturbances of this type were also observed
at Magadan and Yakutsk stations. However, because of
long gaps in the initial sets, the plots of filtered f,F2 for
these stations are not shown in Figure 5, b.

Notice that all of the five enhancements of the
wave-like fluctuations to the level exceeding the pre-
storm one (two during S2006 and three during S2015)
clearly seen in Figure 5, a, b occurred on December
14-15, 2016 and December 19-21, 2015 at 21:00-
23:00 UT. For the longitudinal sector of interest, this cor-
responds to the vicinity of the dawn meridian. The first
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Figure 5. Variations in f,F2 with periods T<5 hr observed during S2006 (a) and S2015 (b) in East Asia

of these two enhancements observed during S2006 has
been analyzed by Lei et al. [2008]. Lei et al. [2008]
showed that the wave-like fluctuations were induced
by the superposition of TIDs arising from the Joule
heating of the high-latitude atmosphere of the North-
ern and Southern hemispheres and propagating to the
south and north respectively.

2.4. Comparison

Summarizing the facts described in Subsections 2.1
2.4, we point out the most obvious similarities and dif-
ferences between the ionospheric storms considered.

2.4.1. In both the cases, the sporadic layers resulting
from particle precipitation were observed at the subau-
roral stations both before the storms and during their
initial phases. Differences between the nighttime iono-
spheric responses to the initial phases are manifested by
the fact that the positive nighttime ionospheric disturb-
ance (f,F2 increase) and the sharp increase in f,Es were
detected in the subauroral zone only during S2006,
whereas the flat night side E; layers were observed in
the mid-latitude zone (Irkutsk and Mohe stations) only
during S2015.

2.4.2. During the December 19-22, 2015 storm, the
pronounced ionospheric disturbances began with a posi-
tive daytime disturbance observed at all the ionospheric
stations in the first step of the main phase. In the subau-

roral zone, this disturbance was followed by a sharp
drop in f,F2with subsequent appearance of intense blan-
ketingE; layers having cutoff frequencies close to those
observed in the initial phase of S2006.

2.4.3. A specific feature of S2006 is the dramatic
short-term increase in f,F2 observed on December 14 in
the afternoon sector at Zhigansk, Yakutsk, and Magadan
stations. Zolotukhina et al. [2012] have found that an
abrupt increase in f,F2 over these stations corresponds
in time to the passage of observation points under the
sharp inner edge of the plasma sheet.

2.4.4. Pirog et al. [2006] have indicated that winter
ionospheric storms developing over East Asia during
the daytime recovery phase feature high-latitude nega-
tive and mid-latitude positive disturbances. This latitu-
dinal distribution of disturbances did occur during day-
light hours of the early recovery phases of both the
storms. However, the transition from negative to posi-
tive disturbance took place during S2006 between Ya-
kutsk and Magadan stations; and during S2015, to the
south — between Magadan and Mohe stations.

3. DISCUSSION

Long-term studies of the ionosphere with iono-
sondes, which began in the mid-1920s, have formed an
experimental basis for the classification of the main
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elements of ionospheric storms. This basis relies on
presumed origin of the storms. Such a classification has
been made, for example, by Prolss et al. [1991]. The
authors have identified five basic elements of iono-
spheric storms in subauroral latitudes. Three of them
arise from long-term or flash Joule heating of the at-
mosphere and extend equatorward; two others, from
lowering of the latitude of auroral precipitation zone and
main ionospheric trough. Further investigations have
shown that a significant contribution to the dynamics of
ionospheric storms is also made by prompt penetrating
electric fields of magnetospheric origin and the "dis-
turbed dynamo" field of thermospheric origin [Huang,
2013]. Effects of electric fields are most pronounced in
the vicinity of the equatorial ionospheric anomaly.

Let us consider from this point of view the results of
the comparative analysis of ionospheric storms reported
in Section 2. The effects caused by the shift of large-
scale ionospheric structures to lower latitudes were ob-
served on December 14, 2006 and December 20, 2015.
According to [Prolss et al., 1991], the former (positive
night disturbance, see Subsection 2.1) is connected with
the extension of auroral ionization zone; the latter (sharp
evening decrease in f,F2, see Subsection 2.2), with the
MIT shift.

Figure 6, a, b for the Northern Hemisphere shows
December 14-16, 2006

changes in latitudes of the auroral oval, equatorial bounda-
ry of electron precipitation (inner edge of the plasma
sheet), MIT bottom, and high-latitude TEC minimum
along the meridian of 120° E. The latitude of the inner
edge of the plasma sheet was determined by a model [Ka-
mide, Winningham, 1977]; the latitude of the MIT bottom,
by an empirical model developed specifically for East Asia
[Zherebtsov et al., 1986], in which the MIT latitude de-
pends on the local time and K, index. Coordinates of the
auroral oval boundaries have been taken from the website
[http://sd-
www.jhuapl.edu/Aurora/ovation/ovation_display.html].
The latitude of TEC minimum was estimated from the
meridian profiles constructed from its values given on the
website [http://cdaweb.gsfc.nasa.gov/cdawebl/istp_public]
with latitudinal resolution of 2.5°.

Note the similarity between trends of the latitude
of the structures shown in Figure 6, as well as the
significant difference between latitudes of the MIT
bottom and TEC minimum in the S2006 maximum.
This difference can be explained by the significant
equatorial shift of electrojets relative to the standard
AE stations shown in [Zolotukhina et al., 2012].
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Figure 6. Variations in the geographic latitude of the equatorial boundary of diffuse precipitation zone (thick line), MIT (thin
line), TEC minimum (circles), and auroral oval (gray figure and dots) along the meridian of 120° E for S2006 (a) and S2015 (b).
Horizontal lines mark (from top to bottom) the latitudes of Tiksi, Zhigansk, Yakutsk, and Khabarovsk stations. Variations in the
ionospheric absorption and magnetic field at high latitudes during S2006 (a) and S2015 (d). The absorption plots for S2006 have
been taken from [Zolotukhina et al., 2012]; for S2015, from the website [http://geophys.aari.ru/real_rio_arc.htm]. Here H is the
geomagnetic field component directed to the magnetic pole. The H values for 2006 are available on the website
[http://stdb2.stelab.nagoya-u.ac.jp/mm210]; for 2015, on the website [http://cdaweb.gsfc.nasa.gov/cdaweb/istp_public]
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Such a shift leads to an underestimation of auroral activi-
ty (AE index) and an overestimation of planetary activity
(K, index) [Kamide, Maltsev, 2007; Levitin et al., 2012].
In Figure 1, a, the shift of jets relative to the standard AE
zone shows up as dissimilarity between AE and PCN var-
iations and as low AE during the main phase of S2006.

Plots in Figure 6 indicate that before the sudden
commencement of S2006 and S2015 the MIT bottom
was located respectively to the south of Yakutsk station
and between Zhigansk and Yakutsk stations. This ex-
plains the presence of sporadic layers over both the sta-
tions, as well as the abnormal conditions of HF radio
wave propagation along the Magadan — Irkutsk and
Norilsk — Irkutsk paths before the onsets of the storms.
Basing on this, we believe that the different responses of
the subauroral ionosphere to initial phases of the storms
(see 2.4.1) are not due to the shift of auroral precipita-
tion zone (during SSC it was already over the observa-
tion points) but due to the varying intensity of auroral
particle fluxes inducing impact ionization during P,
jumps. Section 1 has shown that the corpuscular energy
of auroral particle sources (symmetric ring current and
plasma sheet) was higher before S2006 than that before
S2015. In S2006, the additional ionization was caused by
solar protons [Tereshchenko et al., 2007; Zolotukhina et
al., 2012]. The enhancement of precipitating particle
fluxes was accompanied by an increase in absorption of
cosmic radio emission (see Figure 6, a), which indicates
an increase in the electron density in the D-region.

Section 2 indicates that the sharp drop in the elec-
tron density (negative disturbance) in the noon-dusk
sector occurred only at the end of the first step of the
S$2015 main phase. Prolss et al. [1991] attribute this
effect to the lowering of the MIT latitude. In Figure
6, b, the beginning of the sharp drop in f,F2 at Ya-
kutsk station (at 09:00 UT onDecember 20) is marked
with a black arrow. It corresponds to the beginning of
the deepest shift of MIT to middle latitudes. From the
model developed by Zherebtsov et al. [1986] it fol-
lows that the disturbances associated with the lower-
ing of the MIT latitude might have occurred at Zhi-
gansk station until 10:00 UT, and at Yakutsk station
until 12:00 UT. This corresponds to the time of ob-
servation of the effects described in Subsection 2.2.
The absence of the sharp evening drop in f,F2 during
the December 14-16, 2006 storm can be explained by
the low initial latitude of MIT that was to the south of
Yakutsk station before SSC.

Referring to the plots in Figure 6, b, d, the MIT shift
occurred simultaneously with the shifts of the auroral
oval and inner edge of the plasma sheet. At that time,
Tiksi station observed bay-like decreases in the magnet-
ic field H component, which were accompanied by re-
ometric absorption enhancements typical for substorm-
like events [Driatsky, 1974]. An exception is the highest
absorption peak denoted in Figure 6, d by a gray rec-
tangle. This peak, observed at Tiksi station at ~22:00
UT, coincides in time with the short-term decrease in
the auroral oval latitude by ~5° (indicated in Figure 6, b
by a gray arrow) and with synchronous peaks of AE,
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PCN, and PCS indices, but it is unrelated to the marked
change in the H component (Figure 6, d, bottom panel).

Let us discuss features of daytime and evening ef-
fects of ionospheric storms caused, as derived from
[Prolss et al., 1991], by large-scale disturbances of the
thermospheric wind, variations in the chemical compo-
sition of the atmosphere, and TIDs. It is known that the
main cause of daytime positive and negative disturb-
ances is the heating of the high-latitude atmosphere by
electrojets and auroral particles. The heating generates
thermospheric wind disturbances including the en-
hancement of its meridional component (cause of the
positive daytime disturbance of f,F2), and a change in
the thermosphere chemical composition, in particular a
decrease in [O]/[N;] (cause of the negative daytime dis-
turbances of f,F2) [Prolss,2006; Mendillo, 2006;
Dmitriev et al.,2017]. During impulse heating there oc-
cur TIDs propagating from high latitudes toward the
equator [Buonsanto, 1999 ]. Superposition of TIDs can
manifest itself as a long-term large-scale increase in
f,F2 [Prolss et al., 1991].

Geoeffectiveness of interplanetary drivers is usually de-
termined from the Akasofu parameter [Akasofu, 1981].
Power of high-latitude sources of heating can be estimated
from AE [Baumjohann, Kamide, 1984 ] as well as from
PCN and PCS [Chun et al.,2002]. Plots of Akasofu param-
eter variations during the two storms are shown in Figure
7, a; variations in the power of sources of high-latitude
heating calculated from AE, PCN, PCS, in Figure 7,b—d
respectively. The plots are constructed with hour resolu-
tion. Zero hour corresponds to the onset of each storm
main phase.

It is seen that the mean powers of the interplanetary
driver and high-Ilatitude heating sources in the initial,
main, and early recovery phases of S2015 were 1.5 and
3-2 times (by various estimates) lower than those dur-
ing S2006. However, due to the difference in duration
between the main and early recovery phases by the be-
ginning of the late recovery phase, the magnetosphere—
ionosphere system received 1.5 times more energy from
the interplanetary medium in S2015 than in S2006.
Comparing plots in Figure 7, e and f, we can see that
this did not lead to significant differences in estimates
of the energy expended on heating the atmosphere dur-
ing the storms considered.

In both the cases, the estimate of energy con-
sumed to heat the atmosphere, which was derived
from PCS, is approximately twice as high as similar
estimates obtained from AE and PCN. This corre-
sponds to the well-known effect of the prevailing
summer-winter thermospheric circulation, which
leads to a strong expansion of the region of the in-
tense meridional wind and the region of abnormal
atmosphere composition the wind transfers to the winter
hemisphere [Fuller-Rowell et al., 1997]. In the cases un-
der study, this effect was most pronounced on December
21, in the early recovery phase of the storm.

Figure 8, a and b presents black and white maps of lati-
tude-longitude distribution of [O]/[N,] for December 21
and, for comparison, for 20, 2015. Color original maps are
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available on the website
[http://guvitimed.jhuapl.edu/guvi-galleryl3on2].  They
show the [O]/[N2] distribution only in the latitude zone
—80-35° N. Under the maps are plots of TEC distribu-
tion (Figure 8, c, d) along the meridian of 120° E at
06:30 UT of the corresponding day. Referring to Fig-
ures 4 and 7, f, we can see that in these moments the
ionospheric stations located in East Asia observed posi-
tive ionospheric disturbances. Lines with arrows indi-
cate that at 06:30 UT on December 20 and 21 the
TIMED satellite, whose data are used to construct the
maps, passed near the 120° E meridian.

The map shown in Figure 8, a displays a transequa-
torial domain of low values of [O]/[N,]<0.4. The merid-
ional TEC profile corresponding to the map (Figure 8,
c) is sharply asymmetric with respect to the equator.
Comparing the maps and profiles of TEC shown in Fig-
ure 8, a—d, we can see that for 24 hours the northern
boundary of the domain of low [O]/[N,] along the me-
ridian of 120° E shifted from ~30° S to ~15° N, whereas
the domain of low TEC values expanded from ~60° S to
~20° N. During this period at 30-55° N there appeared a
plateau-like area of increased TEC, and at high latitudes
of the Northern Hemisphere, a region of relatively low
TEC that was poorly resolved compared to the southern
one and extended up to ~60° N. Note that during the
daytime on December 20 all the stations in use recorded
only positive ionospheric disturbances, which corre-
sponds to the TEC profile in Figure 8, d and indicates
that the strong southward meridional wind made the
major contribution to the generation of these disturb-
ances. In contrast, the ionospheric disturbances develop-
ing during the daytime on December 21 occurred under
the influence of at least two processes — the enhance-
ment of southward and northward thermospheric winds
and change in the atmospheric composition, which was
most pronounced in the Southern Hemisphere. An addi-
tional factor that enhanced the north-south asymmetry
of the ionospheric disturbances was the western orienta-
tion of the IMF azimuthal component. With such a di-
rection of IMF By, the auroralelectrojets causing the
Joule heating of the atmosphere are more intense in the
Southern Hemisphere [Velichko et al., 2002].

We believe that the dominant influence of the at-
mosphere heating in the summer hemisphere on the de-
velopment of ionospheric disturbances manifested itself
also in the latitudinal TEC distribution illustrated in
Figure 8, e (02:00 UT for December 15, 2006). As de-
rived from sounding data, at that time at high latitudes
of the Northern Hemisphere, a negative ionospheric
disturbance developed. The equatorial boundary of the
disturbance was to the south of Yakutsk (see Subsection
2.3). In Figure 8, e, the low TEC values versus the
background ones can, however, be seen only at —87.5-
7.5° N, i.e. in the Southern Hemisphere and in the vicin-
ity of the equator. The poor quality of maps of the spa-
tial distribution of [O]/[N,] for December 14-16, 2006
(available on the website only for the Southern Hemi-
sphere) does not allow us to uniquely associate the do-
main of low TEC values with the region of the altered
atmospheric composition.

Let us return to Figure 7, e and f. The x-axes in these
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Figures indicate the intervals of observation of positive
and negative ionospheric disturbances at Yakutsk and
Khabarovsk vertical sounding stations respectively. It
can be seen that at the beginning of ionospheric disturb-
ances on December 15, 2006 and December 21, 2015
the total energy received by the magnetosphere—
ionosphere system since SSC exceeded 7-10" and
13-10" GJ respectively. Recall that these disturbances
developed against the TEC meridional distribution
which was sharply asymmetric with respect to the equa-
tor. Comparing the values of the energy spent on heat-
ing the atmosphere, we can see that, according to three
different estimates, 1.5 times less energy was expended
on the heating by the beginning of the December 15,
2006 disturbances than that by the beginning of the De-
cember 21, 2015 disturbances.

In conclusion, we briefly discuss features of wave-
like fluctuations of f,F2. In Subsection 2.3, we noted
that Lei et al. [2008] using vertical sounding ionosonde
data and results of model calculations have concluded
that the wave-like ionospheric disturbances observed on
December 15, 2006 were associated with TIDs excited
at high latitudes of the Northern and Southern hemi-
spheres. The detailed analysis of the experimental data
used by Lei et al. [2008] has shown that there is no de-
lay between the occurrences of the wave-like disturb-
ances at spaced stations. The same result has been ob-
tained from the analysis of wave disturbances observed
on December 19-22, 2015. Furthermore, the 1.5-2 hr
wave-like ionospheric disturbances occurred both be-
fore and during the storms and enhanced only in the
vicinity of the dawn meridian.

4. CONCLUSIONS

The identified common features of ionospheric re-
sponses over East Asia to the December 14-16, 2006
and December 19-22, 2015 magnetic storms, which
occurred during the same season, had similar hours of
onset and intensity but differed significantly in duration
of the main phases, are related to seasonal dynamics of
ionospheric storms.

These differences between the ionospheric responses
to the magnetic storms are associated primarily with the
differences between pre-storm conditions of the magne-
tosphere—ionosphere system and durations of the main
phases. The estimates of the energy brought by inter-
planetary drivers to the magnetosphere—ionosphere sys-
tem during initial, main, and early recovery phases and
the energy expended on heating the atmosphere have
shown that the winter-summer asymmetry of the ther-
mospheric circulation is one of the main factors deter-
mining the wind dynamics and affecting the generation
and distribution of ionospheric disturbances. This de-
fines the difference between the ionospheric responses
to these ionospheric magnetic storms developed in the
same seasonal conditions. During S2015, the winter-
summer asymmetry of the ionospheric-thermospheric
disturbances enhanced due to the intense Joule heating
developing at high latitudes of the Southern Hemisphere
at a negative azimuthal component of IMF.
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