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Abstract Conventionally, the minimum value of Dst (DstMin) and maximum values of Kp and AE
(Kpmax and AEmax) representing the geomagnetic storm intensities have been used for investigating space
weather in Earth's environment. The present paper uses the derived parameters (IpsDst, IpsKp, and IpsAE)
giving the mean values of Dst, Kp, and AE during the main phase (MP) of Dst storms for investigating
ionosphere‐thermosphere storms and low‐latitude (630 nm) aurora. The derived parameters (IpsDst,
IpsKp, and IpsAE) representing the impulsive strength of geomagnetic storms seem to have more
systematic dependence among themselves than among the intensities (DstMin, Kpmax, and AEmax). The
ionosphere‐thermosphere storms observed by the CHAMP (Challenging Minisatellite Payload) satellite and
low‐latitude auroras observed by optical imagers are much more intense during high impulsive storms
than high intensity storms. In a statistical sense, over 175 positive ionospheric storms (△NmF2) observed in
1985–2005 and the intensity of 20 red auroras observed in 1989–2004 at midlatitudes correlate better with the
impulsive parameters than the intensity parameters, with the best correlation being with IpsDst. The
mechanism of the impulsive action (high‐energy input over a short duration) leading to large IpsDst
arises from the impact of fast solar storms (interplanetary coronal mass ejections) with large IMF Bz
southward at their front (or shock). The impulsive action results in bright low‐latitude auroras and strong
ionosphere‐thermosphere storms.

1. Introduction

The paper for the first time applies the derived parameters IpsDst of Dst storms (Balan et al., 2016) and IpsKp
and IpsAE of Kp and AE storms (section 2) for investigating ionosphere‐thermosphere storms and low‐
latitude aurora, all caused by solar storms. The solar storms include interplanetary coronal mass ejections
(ICMEs), high speed streams, and corotating interaction regions (e.g., Gopalswamy et al., 2005). They produce
a series of rapid and sometimes severe changes in interplanetary space and the environment of planets (e.g.,
Witasse et al., 2017). The changes are collectively called space weather. An ICME is a huge,magnetized (inter-
planetary magnetic field IMF (Interplanetary Magnetic Field) up to 100 nT), high density (up to 100 cm−3)
plasma cloud ejected from the Sun and flowing out with speed up to thousands of kilometers per second
(e.g., Skoug et al., 2004). However, the part of the ICME that is most geoeffective is the low density but high
magnetic field region (Burlage et al., 1981). A high speed ICME produces shock waves ahead, which acceler-
ate the background charged particles to high energies over 100 MeV, which are known as solar energetic par-
ticles or SEPs (Solar Energetic Particles) (e.g., Singh et al., 2010). The SEPs can damage satellite systems (e.g.,
Green et al., 2017) even more easily when they are accelerated further by the high speed ICME front that fol-
lows ICME shock (e.g., Balan et al., 2014).

The solar storms induce electric currents in Earth's magnetosphere producing disturbances in the geomag-
netic field. The disturbances lasting from several hours to several days are the geomagnetic storms (Gonzalez
et al., 1994; Kamide et al., 1998; Lühr et al., 2017; Svalgaard, 1977). The current systems in the magneto-
sphere contribute differently to the storms in different latitudes, and the storms are therefore identified by
the indices such as the low‐latitude Dst (disturbance storm time) index (Love & Gannon, 2009; Sugiura,
1964), midlatitude Kp index, and high‐latitude AE index (e.g., Rostoker et al., 1995). Another index some-
times used is the rate of change of the horizontal component (dH/dt) of the geomagnetic field. The Dst
storms arise mainly from the intensification of the ring current due to ICME‐magnetosphere coupling and
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ionosphere‐ring current coupling, the efficiency of which has been studied using solar wind and IMF data
and models (e.g., Burton et al., 1975; Fok et al., 2001; Ebihara et al., 2005; Newell et al., 2007; Liemohn
et al., 2010). The storms become stronger and more intense with the increase in the solar wind velocity
and strength of IMF Bz southward.

The increases and decreases in the density, temperature, electric fields, and currents happening in the iono-
sphere during geomagnetic storms are the positive and negative ionospheric storms (e.g., Balan & Rao, 1990;
Rishbeth, 1991; Batista et al., 1991; Fuller‐Rowell et al., 1994; Prolss, 1995; Tulasi Ram et al., 2012, 2015). In
density, usually positive storms occur first especially during daytime and negative storms follow at low and
midlatitudes except around the equator (e.g., Balan et al., 2013; Lu et al., 2012; Mendillo, 2006; Sojka et al.,
2012). The density in extreme cases increases over 1,000% of the quiet time levels, especially around the day-
time equatorial ionization anomaly (EIA) crests, which shift from their normal locations of ~±15° to ±30°
magnetic latitudes (e.g., Balan et al., 2011; Mannucci et al., 2005). The density during negative ionospheric
storms decreases down to very low levels compared to quiet time values (e.g., Vijaya Lekshmi et al., 2011).
The changes in thermospheric density, composition, and wind velocity are the thermospheric storms (e.g.,
Liu & Luhr, 2005; Mayr & Volland, 1973; Roble et al., 1982).

The auroras become bright, extend to lower than normal latitudes, and can sometimes be observed from low
latitudes during geomagnetic storms (e.g., Hayakawa et al., 2018; Kataoka et al., 2017; Loomis, 1861;
Shiokawa et al., 1999). The low‐latitude auroras are typically characterized by (1) the N2

+1N emission at
high vibrational levels and (2) a high (>10) ratio of red (630.0 nm) to green (557.7 nm) atomic oxygen lines
(Tinsley et al., 1984). The latter aurora sometimes shows intense visible emissions, producing a spectacular
red aurora in the sky (Shiokawa et al., 2013). Recent studies report that the red auroras appear during the
main phase (MP) of geomagnetic storms and last from a few hours to several hours (Rassoul et al., 1992).
Recently, Shiokawa et al. (2005) reported a list of 20 low‐latitude auroras observed in Japan.

For investigating the different aspects of the Earth's surrounding space weather (examples above), it has
been important to identify some parameters of the geomagnetic storms. Conventionally, DstMin (maximum
negative value of Dst during stormmain phase MP), (dDst/dt)MPmax (maximum rate of change of Dst during
MP), (dH/dt)max, and maximum values of Kp and AE (Kpmax and AEmax), all representing geomagnetic
storm intensity, have been used for this purpose. However, while studying what determines the severity of
the space weather, we realized that the storm intensity (DstMin) is insufficient to distinguish between the
severe space weather (SvSW) causing electric power outages and telegraph system failures and normal space
weather not causing such severe effects (Balan et al., 2014). Our studies also showed that the mean value of
Dst during MP (⟨DstMP⟩) can indicate the severity of space weather (Balan et al., 2016). It can also be used as
a better reference than DstMin in developing a scheme for forecasting SvSW using ICME velocity V and IMF
Bz (Balan, Ebihara, et al., 2017). Hereafter, we refer the parameter <DstMP> as IpsDst (section 2).

The present paper applies the parameter IpsDst derived for the storms (DstMin ≤ −50 nT) automatically
identified in Kyoto Dst (Balan, TulasiRam, et al., 2017) to investigate ionospheric storms, thermospheric
storms, and low‐latitude aurora. In addition to IpsDst, the paper uses DstMin, Kpmax, AEmax, <KpMP>
(or IpsKp), and <AEMP> (or IpsAE) for comparisons. For ionosphere‐thermosphere storms, the paper uses
the ionospheric electron density (Ne) and thermospheric mass density (ρ) measured by the CHAMP satellite
(Reigber et al., 2002) and ionospheric peak electron density (NmF2) measured by an ionosonde in Japan for
20 years (1986–2005). For low‐latitude aurora, the paper uses the auroral intensity measured by optical
instruments in Japan during 20 low‐latitude auroras in 1998–2004 (Shiokawa et al., 2005). For discussing
the physical mechanism connecting the geophysical storms to the corresponding solar storms, the paper uses
the solar wind and IMF data from the ACE (Advanced Composition Explorer) satellite available since 1998
(McComas et al., 1998). Section 2 describes the data and analysis. The results are presented and discussed in
sections 3 and 4. It will be shown that IpsDst is a better parameter than other parameters for investigating a
variety of space weather aspects.

2. Data and Analysis

The hourly Dst data since 1957 are available at the Kyoto world data center (WDC) at http://wdc.kugi.kyoto‐
u.ac.jp/dstdir/. The Kp and AE data are available at Kyoto WDC at http://wdc.kugi.kyoto‐u.ac.jp/kp/index.
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html and http://wdc.kugi.kyoto‐u.ac.jp/aedir/, respectively. The Dst
storms are automatically identified by a computer program that uses four
selection criteria. The criteria are (1) DstMin≤−50 nT and TMP > 2 hr, (2)
absolute value of MP range, that is,|DstMPO−DstMin|≥ 50 nT, (3) separa-
tion between DstMin and next MPO ≥ 10 hr, and (4) rate of change of Dst
during MP or (dDst/dt)MP <−5 nT/hr. MPO here stands for MP onset and
TMP represents the MP time duration. The selection criteria minimize
nonstorm like fluctuations and identified 793 storms in 1957–2007
(Balan, TulasiRam, et al., 2017). The storms include 39 super storms
(DstMin ≤ −250 nT), 308 intense storms (−250 < DstMin ≤ −100 nT),
and 446 moderate storms (−100 < DstMin ≤ −50 nT).

The ionospheric electron number density (Ne) and thermospheric mass
density (ρ) measured by the CHAMP satellite (Reigber et al., 2002) at
~400‐km altitude during several super Dst storms will be used for investi-
gating the storm time variations of Ne and ρ with IpsDst and other para-
meters. The statistical correlations of ionospheric storms with IpsDst
and other parameters will be obtained using the ionospheric peak electron
density (NmF2) measured at the midlatitude station Kokubunji (35.7°N,
139.5°E; 26.8°N magnetic latitude) in Japan in 1985–2005 (http://wdc.
nict.go.jp/IONO/HP2009/ISDJ/index‐E.html). The red auroras observed
at Rikubetsu (43.5°N, 143.8°E; magnetic latitude 34.7°N) and Moshiri
(44.4°N, 142.3°E; magnetic latitude 35.5°N) in Japan (Shiokawa et al.,
2005) will be used for investigating the intensity of the low‐latitude
auroras with IpsDst and other parameters. Though the auroral observa-
tions were made at midlatitudes, we use the phrase “low‐latitude aurora”
implying that they occur at much lower latitudes than normal auroras and
to be consistent with earlier studies (e.g., Shiokawa et al., 2005, 2013).

The ACE satellite at the L1 point provides continuous solar wind and
IMF data since 1998. The velocity and density data in the SWI (Solar

Wind Ion) mode of the SWEPAM (SolarWind Electron Proton AlphaMonitor) instrument at 64‐s resolution
(e.g., McComas et al., 1998; Skoug et al., 2004) are available at Caltech (http://www.srl.caltech.edu/ACE/
ASC/). During high‐energy particle events, when the SWI mode may not cover the full solar wind flux dis-
tribution, the 64‐s data collected in the search/supra thermal ion mode once every ~32 min will be used. The
velocity V and IMF Bz data corresponding to several super Dst storms will be used in the discussions. The
data (time) are shifted for the ACE‐Earth distance.

2.1. Derived Parameters

The parameter IpsDst is defined as (Balan et al., 2016)

IpsDst ¼ −1=TMPð Þ∫TMP∣DstMP∣dt

As shown in Figures 1a, TMP|DstMP|dt is the integral (or sum) of the modulus of Dst from MPO to DstMin.
MPO is the MP onset time when Dst starts decreasing satisfying the storm selection criteria (and IMF Bz
turning southward), which is also the peak of the storm sudden commencement (SSC). TMP is the time inter-
val (or duration) of the storm MP from MPO to DstMin. The program also calculates the values of (dDst/dt)

MPmax. By definition, the parameter IpsDst includesmost important characteristics of Dst storms (SSC,MPO,
(dDst/dt)MPmax, DstMin, and TMP) and gives the mean value of Dst during the MP when most energy input
occurs (Figure 1a). IpsDst is proportional to the total amount of energy input during MP (e.g., Burton et al.,
1975) divided by the duration of energy input. The higher the energy input and shorter the duration, the lar-
ger its value and more impulsive its action. It therefore indicates the impulsive (Ips) strength of Dst storms
and so is called IpsDst. Slow and fast varying MPs typically do not give equal values of IpsDst because the
MPs in most cases fluctuate and their slopes change with time.

Figure 1. Examples (a) showing Dst storm characteristics and (b) identify-
ing the storm main phase MP in Dst, Kp, and AE storms.
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The maximum values of the Kp and AE storms (Kpmax and AEmax) are noted. The MP durations of the Kp
and AE storms corresponding to theMP of a Dst storm are identified as shown in Figure 1b. Themean values
of Kp and AE during the storm MP are calculated as

KpMPi ¼ ΣKpMP=TMP and AEMPh i ¼ ΣAEMP=TMP:

For consistency, we use IpsKp and IpsAE to denote ⟨KpMP⟩ and ⟨AEMP⟩, respectively. IpsKp and IpsAE seem
to represent the impulsive strengths of Kp and AE storms because they give the mean values of Kp and AE
during the storm MP when most energy input occurs. The accuracy of IpsDst (and IpsKp and IpsAE)
depends on the accurate identification of the times of MPO and DstMin. The computer program identifies
these times following the selection criteria. TheMPO times of the intense and super storms since 1998, when
ACE data are available, are checked and found agreeing with the times of IMF Bz turning southward.
According to the scientists (Sugiura & Kamei, 1991) who derived the Dst index, its uncertainty is mainly
due to the errors in the magnetometer measurements at the four Dst observatories and Sq error, which
are not easy to compute (T. Iyemori, private communication, 22 June 2019). However, these errors affect
both IpsDst and DstMin almost equally. IpsDst therefore may probably be as accurate as DstMin.

3. Results
3.1. Typical Geomagnetic Storms

Figure 2 shows four super Dst storms, two with large IpsDst (30 October 2003 and 6 November 2001) and
other two with comparatively weak IpsDst (29 October 2003 and 20 November 2003). The top of the figures
notes the storm days. The parameters of the Dst storms and of the corresponding Kp and AE storms are listed
in Table 1, though the Kp and AE storms are not shown for simplicity. As listed, the super storms (1 and 2)
on 30 October 2003 and 6 November 2001 that have large IpsDst (−258 and −259 nT) also have large IpsKp
(9 and 8+) and IpsAE (1,816 and 1,675 nT). These storms have short MPs with almost no fluctuations
(Figure 2). The other two super storms (3 and 4) on 29 October 2003 and 20 November 2003, which have

Figure 2. Four super Dst storms, two with larger IpsDst (30 October 2003 and 6 November 2001) and other two with com-
paratively smaller IpsDst (29 October 2003 and 20 November 2003).
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comparatively smaller IpsDst (−179 and −204 nT) also have smaller IpsKp (8+ and 8) and IpsAE (1,307 and
1,247 nT). They have long MPs with fluctuations. However, the storm intensities (DstMin, Kpmax, and
AEmax) do not have such systematic dependence. For example, the most intense super storm of solar cycle
23 (20 November 2003) has the largest DstMin (−422 nT) and AEmax (4,192 nT) but comparatively weak
IpsDst (−204 nT) and IpsKp (8). In short, the impulsive strength (IpsDst, IpsKp, and IpsAE) of the storms
seems to have more systematic dependence among themselves than among the storm intensities (DstMin,
Kpmax, and AEmax). The following sections will present the ionosphere‐thermosphere storms and low‐
latitude auroras during the super storms (Figure 2).

3.2. Ionosphere‐Thermosphere Storms

Figures 3 and 4 show the peak ionosphere‐thermosphere responses during the super storms shown in
Figure 2. The thick curves (number 1) display the latitude variations of the electron density (Ne) and neutral
mass density (ρ) at ~400‐km altitude measured by the CHAMP satellite at the peak of the ionosphere‐
thermosphere storms, and thin curves (number 2) show the corresponding previous quiet day variations.
For each storm, the latitude variations of Ne and ρ during all satellite passes from MPO to the end of RP
(recovery phase) are compared with the corresponding previous quiet time data. The satellite pass that gave
the maximum difference (ΔNemax and Δρmax) between the storm time data and quiet time data is considered
to correspond to the peak of the ionosphere‐thermosphere response (Balan et al., 2011). All panels use the
same Y axes scale for comparison.

Out of the 10 super storms observed by CHAMP, the only two storms (30 October 2003 and 6 November
2001) having large IpsDst (−258 and −259 nT) show very strong ionospheric storms, with the one on 30
October 2003 (Figure 3b) being the strongest (see also Balan et al., 2011; Mannucci et al., 2005). The iono-
spheric storm on 6 November 2001 (Figure 3d) also would have been very strong (as on 30 October 2003),
if the local time of the satellite pass were around noon instead of evening (MLT ~19). The Dst storms on
29 October 2003 and 20 November 2003 having comparatively weak IpsDst (−179 and −204 nT) are asso-
ciated with weak ionospheric storms (Figures 3a and 3c). Table 1 lists the strength of the ionospheric storms
(ΔNemax). As listed, the ΔNemax values during the high impulsive Dst storms (1 and 2) are over four times
greater than those during the low impulsive storms (3 and 4), though the low impulsive storm on 20
November 2003 is the most intense according to DstMin (−422 nT). Though the storms (Figure 3) corre-
spond to the same season at high solar activity, the local time difference of the MP can cause some differ-
ences in the ionospheric storms.

The variations of ρ measured by CHAMP during the same orbits as Ne are displayed in Figure 4. However,
for 30 October 2003, the variation of ρ during the previous orbit (90 minutes before the peak of the iono-
spheric storm) is shown to illustrate the huge neutral surge from high latitudes flowing fast toward the equa-
tor. No neutral density data are available for 6 November 2001. Comparing the three cases in Figure 4, the
fast equatorward neutral surge followed by fast wind, predicted by theoretical models (Fuller‐Rowell
et al., 1994), is observed only during the high impulsive storm on 30 October 2003 having large IpsDst =
−258 nT (Figure 4b). For the other two cases having comparatively weak IpsDst, there was no equatorward
neutral surge but only (slow) equatorward winds (Figures 4a and 4c). As listed in Table 1, the thermospheric
storm (Δρmax) during the high impulsive storm is up to about 4 times as strong as those during low
impulsive storms.

Table 1
Number, Date, and Parameters of Geomagnetic Storms, Ionosphere‐Thermosphere Storms, And Low‐Latitude Aurora

No. Date
DstMin
(−nT)

IpsDst
(−nT) Kpmax IpsKp AEmax (nT) IpsAE (nT) ΔNemax (×10

5 cm−3) Δρmax (×10
5 cm−3) Au_Int (kR)

1 30 Oct 2003 383 258 9 9 3,282 1,816 69.0 20.3 3.5
2 6 Nov 2001 292 259 9‐ 8+ 3,296 1,675 42.7 Nan 4.0
3 29 Oct 2003 353 179 9 8+ 4,056 1,307 15.4 12.1 2.2
4 20 Nov 2003 422 204 9‐ 8 4,192 1,247 11.9 5.5 1.4

Note. The parameters of four super geomagnetic storms (DstMin, IpsDst, Kpmax, IpsKp, AEmax, and IpsAE), strength of corresponding ionosphere‐thermosphere
storms (ΔNemax and Δρmax), and intensity of low‐latitude aurora (Au_Int).
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Figure 5 shows the statistics of positive ionospheric storms. It shows scatter plots of the maximum positive
deviation of the peak electron density (△NmF2) against IpsDst and DstMin. As mentioned in section 2, the
NmF2 data were measured at the midlatitude station Kokubunji in 1985–2005. During this period, 303 Dst
storms (DstMin≤−50 nT) were identified, of which 191 are associated with positive ionospheric storms. For
each geomagnetic storm, the maximum positive (and negative) difference (△NmF2) between the storm day
NmF2 and five previous quiet day average NmF2 gives the maximum positive (and negative) ionospheric
storm. As shown, △NmF2 is better correlated with IpsDst (σ = 0.61) than DstMin (σ = 0.52). The scatter
of △NmF2 indicates the diurnal, seasonal and solar activity dependencies of ionospheric storms. Earlier,
using manual Dst storm selection, Vijaya Lekshmi et al. (2011) identified 584 storms (DstMin ≤ −50 nT)
in the same period (1985–2005) of which 255 were associated with positive storms in NmF2 at Kokubunji,
and △NmF2 showed a correlation of 0.34 with DstMin. Compared to IpsDst (and DstMin), △NmF2 is
found to have smaller correlations with other parameters (Kpmax, AEmax, IpsKp, and IpsAE), not shown
for simplicity.

However, the correlation of the negative ionospheric storms (−△NmF2) with IpsDst (σ= 0.49) is found not
improved compared to that with DstMin (σ = 0.53), not shown. This may be because it is only the positive
storms that are directly driven by the external forces. The larger the IpsDst (representing the impulsive
strength of the external forces) the stronger the positive storms. The negative storms (at midlatitudes) are
due to the internal thermospheric composition change (or O/N2 decrease) which becomes effective after
or toward the end of the majority of the main energy input, discussed in section 4.

Figure 3. Latitude variations of electron density Ne at ~400‐km altitude measured by CHAMP satellite at the peak of
the ionospheric storms (thick curves 1) during the four super storms shown in Figure 2, together with previous quiet
time variations (thin curves 2). Storm days are noted at the top. Equatorial crossing times of the satellite are noted
inside each figure, and magnetic latitudes, longitudes, and local times of the satellite passes are listed at the bottom.
All panels use the same Y axes scale for comparison.
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3.3. Low‐Latitude Aurora

Here we use IpsDst and other parameters for investigating low‐latitude
aurora. As mentioned in section 1, auroras at middle and low latitudes
have been observed visually during intense geomagnetic storms for many
centuries in different parts of the world (e.g., Hayakawa et al., 2018;
Loomis, 1861). Shiokawa et al. (2005) listed 20 low‐latitude auroral events
recorded at Rikubetsu (magnetic latitude 34.7°N) and Moshiri (magnetic
latitude 35.5°N) in Japan in 1989–2004. The auroras appeared during geo-
magnetic storms at high solar activity and lasted from a few hours to the
whole night in some cases. The intensities of the 630.0‐, 557.7‐, and
427.8‐nmwavelengths were observed using highly sensitive optical instru-
ments (all‐sky cooled‐CCD (Charged‐Coupled Device) imagers and tilting
photometers) (Shiokawa et al., 1999). We use the intensities of the red aur-
oras at a wavelength of 630.0 nm.

Figure 6 shows examples at the peak of three red auroras observed at
Rikubetsu during the Dst storms on 20 November 2003 (DstMin = −422
nT, IpsDst = −204 nT), 29 October 2003 (DstMin = −353 nT, IpsDst =
−179 nT), and 30 October 2003 (DstMin = −383 nT, IpsDst = −258 nT).
The top of the images is to the north and left is to the east; the color scale
is the same for all cases. Of the three cases, the aurora was most intense,
covered a wide field of view, and lasted the whole night on 30 October
2003, which corresponds to the high impulsive storm with large IpsDst
(−258 nT). Of all images recorded at Rikubetsu since 1998, the poleward
edge of the low‐latitude aurora was observed only for this (30 October
2003) event.

Figure 7 shows scatterplots of the peak intensity of the auroras against
geomagnetic storm parameters. Blue and red dots correspond to Moshiri
and Rikubetsu data, respectively. Since the auroras originate at high lati-
tudes, in addition to the correlations with IpsDst and DstMin, the correla-
tions with Kpmax and IpsKp, and AEmax and IpsAE are shown. It is
interesting to note that the auroral intensity is correlated better with the
impulsive strengths of geomagnetic storms (Figures 7d–7f) than their
intensities (Figures 7a–7c); highest correlation is with the impulsive
strength IpsDst of Dst storms (σ = 0.73); and lowest correlation is with
the high latitude storm parameters (AEmax and IpsAE). As listed in
Table 1, the peak intensity during the high impulsive storms (30
October 2003 and 6 November 2001) is nearly double that during the
low impulsive storms (29 October 2003 and 20 November 2003).

4. Discussion

As mentioned in section 1, Dst storms have been studied and modeled for
many years using solar wind and IMF data. For example, using V, N (den-
sity), and Bz, Burton et al. (1975) modeled the seven Dst storms in 1967–
1968. Klimas et al. (1997) presented a method for transforming a linear
prediction model into linear and nonlinear dynamical analogs of the cou-
pling between the input and output data. Using VBz for input and Dst for
output, they showed that the nonlinear analog couples to the solar wind
through the expression (VBz/Dst) × VBz rather than through the usual
linear dependence on VBz. The multi‐input (VBz and dynamic pressure
P) and single‐output (Dst) discrete time model developed by Zhu et al.
(2007) explains the Dst dynamics more accurately than previous models.
Using USGS (United States Geological Surbey) Dst and a lognormal

Figure 4. Latitude variations of the neutral mass density (ρ) measured by
CHAMP during the same orbits as in Figure 3. However, for 30 October
2003, the variation of ρ during the previous orbit is shown, and no ρ data for
6 November 2001, see text.
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stochastic process, Love et al. (2015) reported that the most extreme
Dst storm (DstMin ≤ −850 nT) can occur ~1.13 times per century,
with 95% confidence level. The ICME‐magnetosphere coupling func-
tion developed by Newell et al. (2007) is a good measure of the
coupling efficiency.

Numerous scientific groups have studied the ionosphere‐
thermosphere storms using observations, theory, and models (e.g.,
Balan et al., 2010; Fuller‐Rowell et al., 1994; Lin et al., 2005;
Mendillo et al., 2006; Rishbeth, 1991; Prolss, 1995). Except at around
the EIA trough (which extends up to ~±25° magnetic latitudes in
extreme cases), generally positive ionospheric storms occur during
daytime MPs due to the combined action of eastward prompt
penetration electric field (PPEF), mechanical effects of storm time
equatorward neutral wind (ENW), and daytime production of ioniza-
tion. The mechanical effects of ENW raises the ionosphere to higher
altitudes of reduced chemical loss and reduces (or stops) the down-
ward diffusion of plasma to lower latitude of heavy chemical loss.
The composition change effect of ENW, that is, decrease of O/N2 also
happens due to the upwelling or expansion of the thermosphere
almost simultaneously at mid latitudes. However, it happening at
lower altitudes below about 300 km remains almost ineffective
because the ionosphere has already been raised to higher altitudes
by the mechanical effect of ENW. The upwelling happening at higher
latitudes is balanced by downwelling causing O/N2 increase at lower
latitudes (below about ±20° magnetic latitudes) for mass conserva-
tion, as modeled by Roble et al. (1982). However, the increase of
O/N2 may not be much effective in producing the positive iono-
spheric storms because it happens at latitudes below about ±20°
where the main process is the super plasma fountain resulting in
wide and deep EIA trough (Balan et al., 2009).

The positive storms at midlatitudes turn to negative storms when the composition change effect of ENW
(decrease of O/N2) takes over its mechanical effects. The MPs occurring at night, when there is no produc-
tion of ionization, generally lead to negative ionospheric storms at midlatitudes. However, in some cases,
nighttime MPs lead to comparatively weak positive ionospheric storms during the following daytime. This
may be because the night MPs extends to the following daytime or the nighttime MPs may be of large
IpsDst. At around the equator, negative ionospheric storms occur during daytime MPs due to super plasma

Figure 5. Statistics of ionospheric storms (ΔNmF2) at Kokubunji in Japan in
1985–2005 and correlations with IpsDst and DstMin.

Figure 6. Examples of aurora during the high impulsive storm on 30 October 2003 and low impulsive storms on
20 November 2003 and 29 October 2003.
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fountain (Balan et al., 2009), while positive storms occur during nighttime MPs (e.g., Sreeja et al., 2009). The
latter is mainly due to the accumulation of the plasma flowing toward the equator (mechanical effects of
ENW; Balan et al., 2013) with minor contributions from the composition change effect of ENW (or increase
of O/N2) and reverse plasma fountain due to westward electric field (Huang et al., 2010).

Majority of the low‐latitude auroras at 630 nm used in the present investigations are probably associated
with stable auroral red (SAR) arcs. The auroras lasted for several hours during the MP (and early RP) of geo-
magnetic storms (Shiokawa et al., 2005). Considering the connection between the altitude ranges of red aur-
oras (200–300 km) and SAR arcs (600 km), Shiokawa et al. (2005) estimates that the low‐latitude auroras
observed at Rikubetsu were located at latitudes higher than ~40–50° magnetic latitudes.

4.1. Discussion of Present Results

The present paper has shown that the derived parameters IpsDst, IpsKp, and IpsAE representing the impul-
sive strength of geomagnetic storms, especially IpsDst, are better than the conventional parameters (DstMin,
(dDst/dt)MPmax, Kpmax, and AEmax) representing the intensity of geomagnetic storms for investigating a vari-
ety of space weather aspects. The impulsive parameters (IpsDst, IpsKp, and IpsAE) giving themean values of
Dst, Kp, and AE during the MP of Dst storms (Figure 1) seem to have more systematic dependence among
themselves than among their intensities (DstMin, Kpmax and AEmax) (Figure 2). The strength of ionosphere‐

Figure 7. Statistics of 20 low latitude auroras, and correlations with DstMin, AEmax and Kpmax (a–c) and IpsDst, IpsAE,
and IpsKp (d–e).
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thermosphere storms and intensity of low‐latitude aurora are much stronger during high impulsive
geomagnetic storms (30 October 2003 and 6 November 2003) than during high intensity geomagnetic
storms as revealed by CHAMP data and optical observations (Figures 3, 4, and 6). In a statistical sense,
the positive ionospheric storms (△NmF2) at midlatitudes and the intensity of low‐latitude aurora
correlate better with the impulsive strength of geomagnetic storms than with their intensities, and the
best correlation is with IpsDst (Figures 5 and 7). It is also found that, the impulsive strength of Dst storms
(IpsDst) is a much better indicator of the ionosphere‐thermosphere system responses (including auroras)
than the impulsive strength of Kp and AE storms (IpsKp and IpsAE). This seems to be due to several
reasons. The Kp and AE indices do not distinguish the storm MP when majority of energy input occurs,
Kp is a 3‐hr index, and AE in some cases reach maximum before the main energy input begins. For these
reasons, Kp and AE indices may not represent the impulsive strength of geomagnetic storms as best as
the Dst index. In the case of AE, the 12 ground stations at auroral zone latitudes used to determine the
index can also miss the main part of the auroral electrojet current during MP when auroral oval expands
to lower latitudes.

4.2. Mechanism Connecting Solar Storms

The mechanism of large IpsDst (high‐energy input over short duration) probably takes place through con-
tinuous and rapid magnetic reconnection (e.g., Borovsky et al., 2008). This important physical process seems
to happen when there is a simultaneous occurrence of high solar wind velocity V (>~700 km s−1) coupled
with a high ICME front (or shock) velocity ΔV (sudden increase by over 275 km s−1) and sufficiently large
IMF Bz southward during the velocity increase ΔV (Balan et al., 2014) as shown in Figure 8. The ICME event
front (or shock) velocity ΔV is the difference between the peak ICME velocity and the upstream slow solar
wind velocity (V). The velocity, especially during extreme events measured with 32‐min resolution, is found
to take about 2 hr to reach its peak. ΔV in general is therefore taken as the difference between the mean

Figure 8. Variations of solar wind velocity V and IMF Bz corresponding to the Dst storms shown in Figure 2:
(a) 29 October 2003, (b) 30 October 2003, (c) 20 November 2003, and (d) 6 November 2001.
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velocity for 2 hr after and 2 hr before the start of the velocity increase. Bz at ΔV (<BzΔV>) is the mean of Bz
for the two hours from the start of the velocity increase.

Figure 8 displays the variations of the velocity V and IMF Bz corresponding to the typical Dst storms and
ionospheric storms (Figures 2 and 3). The important parameters ΔV, <BzΔV>, (ΔV × < BzΔV>), <VMP>,
<BzMP>, and (<VMP> × <BzMP>) are listed in Table 2. The solar storms on 30 October 2003 and 6
November 2001 have both high ⟨VMP⟩ and large ⟨BzMP⟩ southward, as well as high ΔV and <BzΔV> south-
ward. Their combined action leads to large IpsDst. ⟨BzMP⟩ southward opens the dayside magnetopause, and
high ΔV (and high ⟨VMP⟩) provides the force for the impulsive entry of a large number of high‐energy
charged particles into the magnetosphere and ring current. For the solar storms on 29 October 2003 and
20 November 2003, the product ⟨VMP⟩ × ⟨BzMP⟩ is comparatively small. Their striking difference compared
to the high impulsive events is Bz northward at the time of ΔV, so that their impulsive action becomes inef-
fective. The coincidence of high ⟨VMP⟩ with high ΔV and simultaneous large ⟨BzMP⟩ southward leading to a
steep decrease of Dst and large IpsDst was modeled (Balan, Ebihara, et al., 2017) using the comprehensive
ring current model of Fok et al. (2001). The model also showed that a high ⟨VMP⟩ not associated with a large
ΔV and large ⟨BzMP⟩ southward does not lead to large IpsDst, as observed (Balan et al., 2014).

The strong ionosphere‐thermosphere storms and intense low‐latitude auroras observed during storms of lar-
ger IpsDst are briefly explained here. The entry of a large number of high‐energy charged particles into the
ionosphere enhances the ionosphere‐upper atmosphere interactions at high latitudes. This results in bright
auroras extending to lower latitudes associated with intense Earthward injection of plasma sheet particles,
and their high‐altitude portion (i.e., red auroras) becoming visible from lower latitudes (e.g., Shiokawa
et al., 2005; Tinsley et al., 1984). The good correlation of low‐latitude auroral intensity with IpsDst
(Figure 7) may be due to the most probable cause of the aurora involving ring current ions. The interaction
between high‐energy ring current ions and low‐energy plasmaspheric electrons happening at the overlap-
ping region between the ring current and the plasmasphere seems to cause the low‐latitude aurora
(Kozyra et al., 1987; Shiokawa et al., 2005). Because the Dst index is a proxy of the ring current ion flux, it
may have good correlation with the low‐latitude aurora.

The high‐latitude thermosphere seems to undergo an explosive expansion due to the large Joule heating and
ion‐neutral frictional heating during the entry of the large number of high‐energy charged particles. The
explosive expansion causes the observed fast equatorward neutral surge and winds (Figure 4b). During such
solar storms resulting in large IpsDst, the eastward PPEF (e.g., Kikuchi et al., 1996; Nishida, 1968; Rastogi,
1977) becomes strong as observed both on 6 November 2001 (e.g., Kikuchi et al., 2008) and 30 October 2003
(Abdu et al., 2008). The combined action of the simultaneous strong eastward PPEF and fast ENW resulted
in the strong positive ionospheric storms (see also Balan et al., 2011; Mannucci et al., 2005). The observations
reveal that the fast solar storms (ICMEs) with IMF Bz southward at its front leading to impulsive solar wind‐
magnetosphere‐ionosphere‐thermosphere coupling are not so common.

5. Summary

1. The paper has used the derived parameters (IpsDst, IpsKp, and IpsAE) representing the impulsive
strength of geomagnetic storms for investigating ionosphere‐thermosphere storms and low‐latitude red
(630 nm) aurora.

Table 2
Number, Date, IpsDst, and Solar System Parameters

No. Date IpsDst (nT) ΔV (km/s) <BzΔV> (nT)
(ΔV × <BzΔV>)
(×100 km/s nT) <VMP> (km/s) <BzMP> (nT)

<VMP> × <BzMP>
(×100 km/s nT)

11 30 Oct 2003 −258 609 −7.67 −46.71 1458 −18.96 −276.44
2 6 Nov 2001 −259 290 −62.74 −181.95 693 −35.09 −243.17
3 29 Oct 2003 −179 1145 0.78 8.93 1,396 −3.58 −49.97
4 20 Nov 2003 −204 217 7.12 15.45 628 −25.83 −162.21

Note. The IpsDst of four super Dst storms and corresponding solar storm parameters (ΔV, <BzΔV>, (ΔV × <BzΔV>), <VMP>, <BzMP>, and (<VMP> ×
<BzMP>).
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2. The impulsive parameters (IpsDst, IpsKp, and IpsAE) giving the mean values of Dst, Kp, and AE during
the MP of Dst storms seem to have more systematic dependence among themselves than among their
intensities (DstMin, Kpmax and AEmax).

3. The strength of ionosphere‐thermosphere storms and intensity of low‐latitude aurora are much more
intense during high impulsive geomagnetic storms than during high intensity storms as revealed by
CHAMP electron density (Ne) and thermospheric mass density (ρ) data and optical observations of
low‐latitude red (630 nm) auroras.

4. In a statistical sense, over 175 positive ionospheric storms (△NmF2) observed in 1985–2005 and the
intensity of 20 red auroras observed in 1989–2004 at midlatitudes correlate better with the impulsive
strength of geomagnetic storms than with their intensities, with the best correlations being with
IpsDst. In short, IpsDst seems a much better parameter than other parameters for a variety of space
weather applications.

5. The physical mechanism of large IpsDst (high energy input over a short duration) is investigated using
the solar wind velocity V and IMF Bz measured by the ACE satellite. It involves the coincidence of high
⟨VMP⟩ containing a high ICME front velocity△V (sudden increase by over 275 km s−1) and large ⟨BzMP⟩

southward covering△V. Their combined impulsive action can cause impulsive entry of a large amount
of high‐energy charged particles into the magnetosphere and ring current through continuous and rapid
magnetic reconnection leading to large IpsDst and strong ionosphere‐thermosphere response including
auroras.
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