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[1] The statistics of occurrence of the geomagnetic storms, and ionospheric storms
at Kokubunji (35.7°N, 139.5°E; 26.8°N magnetic latitude) in Japan and Boulder
(40.0°N, 254.7°E; 47.4°N) in America are presented using the Dst and peak electron density
(Nmax) data in 1985–2005 covering two solar cycles (22–23) when 584 geomagnetic
storms (Dst ≤ −50 nT) occurred. In addition to the known solar cycle and seasonal
dependence of the storms, the statistics reveal some new aspects. (1) The geomagnetic
storms show a preference for main phase (MP) onset at around UT midnight especially
for major storms (Dst ≤ −100 nT), over 100% excess MP onsets at UT midnight
compared to a uniform distribution. (2) The number of positive ionospheric storms at
Kokubunji (about 250) is more than double that at Boulder, and (3) the occurrence of the
positive storms at both stations shows a preference for the morning‐noon onset of the
geomagnetic storms as expected from a physical mechanism of the positive storms. (4) The
occurrence of negative ionospheric storms at both stations follows the solar cycle phases
(most frequent at solar maximum) better than the occurrence of positive storms, which
agrees with the mechanism of the negative storms.
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1. Introduction

[2] A series of rapid changes takes place in the global
thermosphere and ionosphere following the onset of geo-
magnetic storms. (1) High latitude thermosphere gets heated
and expands, which causes equatorward neutral winds,
surges and TADs (traveling atmospheric disturbances) [e.g.,
Prölss and Jung, 1978; Roble et al., 1982], which all
together change the thermospheric composition [e.g., Mayr
and Volland, 1973]. (2) High latitude ionospheric electric
fields penetrate to low latitudes [e.g., Rastogi, 1977]. (3) Sub‐
auroral electric fields intensify and expand equatorward
[e.g., Foster, 1993]. (4) Disturbance dynamo electric fields
develop [e.g., Blanc and Richmond, 1980]. (5) The changes
in the thermosphere and ionospheric electric fields produce
rapid and sometimes dramatic changes in the ionospheric
density [e.g., Matsushita, 1959; Mannucci et al., 2005],
which are called ionospheric storms.
[3] The ionospheric electron density (Ne), peak electron

density (Nmax) and total electron content (TEC) often
increase/decrease very much from their average quiet time
levels, which are known as positive/negative ionospheric
storms. The ionospheric storms are studied for over 50 years
[e.g.,Matsushita, 1959; Jones and Rishbeth, 1971]. Excellent

review articles are presented by Obayashi [1964], Matuura
[1972], Prölss [1995], Buonsanto [1999], and Mendillo
[2006]. Good case studies of the spacial coverage of the
ionospheric storms are also presented in several papers [e.g.,
Essex et al., 1981;Mannucci et al., 2005]. The statistics of the
ionospheric storms are also reported. For example, Balan and
Rao [1990] reported the dependence of the ionospheric
response at low and mid latitudes on the local time of onset
and intensity of the geomagnetic storms using the TEC and
Nmax data during 60 geomagnetic storms in 1968–72.
Mendillo and Narvaez [2009, 2010] reported detailed studies
of the ionospheric storms at geophysically equivalent sub-
auroral sites having comparable geographic and geomagnetic
latitudes using the Nmax data for the 206 geomagnetic storms
in solar cycle 20 (1964–1976). Modeling studies have also
been carried out to reproduce ionospheric storms and
understand their physical mechanisms [i.e., Richmond and
Matsushita, 1975; Fuller‐Rowell et al., 1994; Burns et al.,
1995; Lin et al., 2005; Vijaya Lekshmi et al., 2007; Lu
et al., 2008].
[4] From these studies it is known that the nature of the

ionospheric storms (positive or negative) depends on local
time, season and latitude. At low and mid latitudes, geo-
magnetic storms with nighttime main phases (MPs) in all
seasons generally produce negative ionospheric storms. The
storms with daytime (especially morning‐noon) MPs in
winter and equinox in general produce positive ionospheric
storms and those in summer produce positive followed by
negative ionospheric storms. There are also large variations
from these general patterns [e.g., Balan and Rao, 1990;
Prölss, 1995; Mendillo, 2006]. The tilt of the geomagnetic
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and geographic equators introduces significant differences
in the ionospheric storms even in nearly conjugate locations
[e.g., Mendillo and Narvaez, 2009, 2010]. The ionospheric
storms at equatorial latitudes are in general opposite to those
at higher latitudes [e.g., Sastri et al., 2000; Tulasi Ram et al.,
2009; Sreeja et al., 2009; Huang et al., 2010a].
[5] It is also understood that the ionospheric storms are

produced by the rapid modifications of the known iono-
spheric processes. The negative ionospheric storms at low
and mid latitudes arise mainly from the thermospheric
composition changes that make the thermosphere richer in
molecular concentration [N2] and poorer in atomic con-
centration [O] so that chemical recombination becomes
faster than normal [e.g., Prölss, 1995; Fuller‐Rowell et al.,
1994]. The positive ionospheric storms at low and mid
latitudes involve mainly the rapid slow‐down of both the
recombination processes and downward diffusion of plasma
by the mechanical effects of storm‐time equatorward neutral
winds [Prölss and Jung, 1978; Balan et al., 2010, 2011a],
and rapid strengthening of the equatorial plasma fountain by
enhanced eastward prompt penetration electric fields (PPEFs)
[e.g., Kikuchi et al., 1978; Kelley et al., 2004; Mannucci
et al., 2005; Balan et al., 2009]. The positive storms at high‐
mid latitudes involve the intensification and equatorward
expansion of the sub‐auroral electric fields [Foster, 1993;
Heelis et al., 2009]. At equatorial latitudes, the eastward
PPEFs during the MPs have effects which are opposite to
those at higher latitudes [e.g.,Batista et al., 1991;Balan et al.,
2011b].
[6] According to a physical mechanism of the positive

ionospheric storms at low and mid latitudes [Balan et al.,
2010, 2011a], the positive storms are expected to occur
frequently at ±20° to ±30° magnetic latitudes and during the
morning‐noon onset of geomagnetic storms. To check these
predictions statistically, we analyze the ionospheric storms
at a low‐mid latitude station Kokubunji (26.8°N magnetic
latitude) and a mid latitude station Boulder (47.4°N mag-
netic latitude) using the peak electron density (Nmax) data
in 21 years (1985–2005) covering two solar cycles (22–23).
584 geomagnetic storms occurred during the 21 year period.
In addition to supporting the predictions, the statistics pre-
sented below bring out a few more new aspects of geo-
magnetic and ionospheric storms.
[7] The physical mechanism of the positive ionospheric

storms referred above [e.g., Balan et al., 2010, 2011a]
involves eastward PPEF and equatorward neutral winds
(and surges). However, the eastward PPEF alone is unlikely
to produce the positive storms at low and mid latitudes
because the resulting E × B drift (1) cannot raise the iono-
sphere to high altitudes of reduced chemical loss (due to
lack of support) and (2) accelerates the downward diffusion
of plasma along the geomagnetic field lines to low altitudes
of high chemical loss. On the other hand, the neutral winds
alone can produce the positive storms centered at around

±16° magnetic latitudes by raising and supporting the ion-
osphere at high altitudes and reducing the downward dif-
fusion of plasma. The winds and eastward PPEF together
also produce the positive storms but centered at around
±20° to ±30° magnetic latitudes due the PPEF shifting the
EIA crests to higher than normal latitudes. In this case the
positive storms are narrow in latitudes, and sharp in den-
sity at the point of convergence of plasma due to the
forward fountain and equatorward winds.

2. Data and Analysis

[8] The hourly values of the geomagnetic activity index
(Dst) is obtained from the World Data Centre in Kyoto
(http://swclob‐kugi.kyoto‐u.ac.jp). As listed in Table 1 a
total of 584 geomagnetic storms with minimum Dst ≤ −50 nT
occurred in 1985–2005, which include 409 moderate storms
(−100 ≤ Dst < −50 nT), 153 major storms (−250 ≤ Dst <
−100 nT) and 22 super storms (Dst ≤ −250 nT). The
hourly values of the ionospheric critical frequency foF2 at
Kokubunji(35.7°N, 139.5°E; 26.8°N magnetic latitude) in
Japan and Boulder (40.0°N, 254.7°E; 47.4°N magnetic lat-
itude) in America are taken from the SPIDR site (http://spidr.
ngdc.noaa.gov/spidr). Though 584 geomagnetic storms
occurred in 1985–2005, the ionospheric data are available
only for 524 storms at Kokubunji and 485 storms at Boulder;
no data at Boulder in 2003.
[9] The critical frequency is converted to the peak elec-

tron density Nmax (=1.24 × foF2
2 × 104 cm−3 with foF2 in

MHz). The storm time deviation of Nmax (DNmax) for
72 hours following the onset of each geomagnetic storm
is obtained on an hourly basis by subtracting the seven
quiet‐day average hourly values prior to the storm from the
corresponding hourly values during the storm. If two geo-
magnetic storms fall within ten days of each other, the quiet‐
day average values prior to the first storm are used for both
storm periods. A geomagnetic storm is considered to produce
an ionospheric storm ifDNmax exceeds ±25% for more than
three hours; ±25% is set to represent the day‐to‐day vari-
ability of the ionosphere under quiet conditions; furious
changes in the data that sometimes occur are removed by
visually examining the Nmax variations. The maximum
positive value ofDNmax (for positive storms) and maximum
negative value of DNmax (for negative storms) are noted,
which are taken to represent the strength of ionospheric
storms.

3. Geomagnetic Storms

[10] Figure 1a shows the distribution of occurrence and
intensity (minimum Dst) of the geomagnetic storms as
function of days in 1985–2005 (Figure 1a, top), which is
compared with the monthly mean solar activity index
(F10.7) in Figure 1a (bottom). Figure 1b shows the number
of occurrence of the storms as function of year (or solar
cycle phases), months of year, and universal time (UT) of
main phase (MP) onset. The MP onset is taken as the UT
hour when Dst starts to decrease. As shown in Figures 1a
and 1b, the occurrence and intensity of the storms follow
the known solar activity dependence, more frequent and
more intense at solar maximum than at solar minimum.
However, intense storms sometimes occur frequently in the

Table 1. Geomagnetic Storms

Number

Moderate (−100 nT < Dst < −50 nT) 409
Major (−250 nT < Dst < −100 nT) 153
Super (Dst < −250 nT) 22
Total (Dst < −50 nT) 584

VIJAYA LEKSHMI ET AL.: GEOMAGNETIC AND IONOSPHERIC STORMS A11328A11328

2 of 13



descending phases of solar cycles, for example in 2003–04.
With months of the year (Figure 1b), the storms show the
known more frequent occurrence at equinoxes than in
solstices (Figure 1b, middle), discussed in section 5. How-
ever, with time of the day, the MP onset of the storms reveals
significant preferences at around UT midnight (00 UT) and
midday (12 UT). This new aspect is studied separately for
major and super storms (Dst ≤ −100 nT) in section 4.3.

4. Ionospheric Storms

[11] The ionospheric storms are classified into five groups
based on the variation of DNmax. The storms are classified
as positive storms (P‐storms) or negative storms (N‐storms)
depending on whether DNmax is positive or negative fol-
lowing the onset of geomagnetic storms (small fluctuations
of less than ±25% are neglected). Some ionospheric storms
show initial positive DNmax (>25% for more than three
hours) followed by negativeDNmax, which are classified as
PN‐storms. A small number of storms are found to have
initial negative DNmax followed by positive DNmax; they
are classified as NP‐storms. There are also non‐significant
ionospheric storms (NS‐storms) for which DNmax is weak
(less than ±25%). Examples of the ionospheric storms are
shown in Figures 2a–4c. In the examples, the storm‐time
Nmax is compared with the seven quiet‐day average Nmax.
The hourly standard deviations of the quiet‐day averages are
not shown for simplicity.
[12] Figures 2a and 2b show examples of the positive

ionospheric storms (P‐storms) at Kokubunji and Boulder;

they correspond to the geomagnetic storms in October 1999
and February 1989 with MP onsets at 09 LT and 07 LT
respectively. The positive storms as shown by the statistics
in the next section correspond mainly to the morning‐noon
MP onsets. The geomagnetic storms with nighttime MP
onsets in general are found to produce negative ionospheric
storms as shown by the examples in Figures 3a and 3b.
These examples correspond to the geomagnetic storms in
October 1991 and November 2001 with MP onsets at 04 LT
and 00 LT respectively. However, the geomagnetic storms
with daytime MP onsets in summer in general produce
positive storms followed by negative ones (PN‐storms) as
shown by an example in Figure 4a, which corresponds to a
geomagnetic storm in June 1991 with MP onset at 11 LT in
Boulder; the positive phase lasts until sunset, which is fol-
lowed by a large negative phase. There are also a small
number of storms having initial negative phase followed by
positive phase (NP‐storms) as shown by an example in
Figure 4b, which corresponds to a geomagnetic storm with
MP onset at 00 LT in Boulder. Figure 4c shows an example
of a non‐significant ionospheric storm (NS‐storm). The
ionosphere over Kokubunji remains unaffected during the
geomagnetic storm in November 1989. Examples of PN‐,
NP‐ and NS‐storms are shown for one of the stations for
simplicity.
[13] Tables 2 and 3 list the number of different types of

ionospheric storms at Kokubunji (26.8°N magnetic latitude)
and Boulder (47.4°N magnetic latitude). As listed, the
number of positive storms at Kokubunji (255) is more than
double that at Boulder (123). On the other hand the number

Figure 1a. (top) Occurrence and intensity (Dst ≤ −50 nT) of the geomagnetic storms as a function of
days in 1985–2005 and (bottom) corresponding monthly mean solar activity index F10.7 (the lines look
different due to compression).

VIJAYA LEKSHMI ET AL.: GEOMAGNETIC AND IONOSPHERIC STORMS A11328A11328

3 of 13



of negative storms at Kokubunji is half of that at Boulder,
103 against 224. There are also a significant number of PN‐
storms at both locations, which are also more at Kokubunji
(62) than at Bounder (52).However, the NP‐storms are small
in number at both locations, less at Kokubunji (12) than at
Boulder (17). These statistics of the ionospheric storms seems
to agree with the expected preferential location (±20° to ±30°
magnetic latitudes) for the frequent occurrence of positive
storms, discussed in section 5. There are also a considerable
number of NS‐storms (non‐significant storms) at both loca-
tions (92 at Kokubunji and 69 at Boulder).

4.1. Solar Activity Dependence

[14] Figures 5a and 5e show the yearly distribution of
the number of geomagnetic storms for which ionospheric
data are available at Kokubunji (524) and Boulder (485);
the panels below show the corresponding distribution of
the different types of ionospheric storms at the two stations.
The occurrence of the geomagnetic storms again follows the
solar cycle phases, most frequent at solar maximum. The
occurrence of the ionospheric storms in general depends

both on solar cycle phases and year‐by‐year distribution of
the geomagnetic storms. However, the occurrence of the
negative storms (Figures 5c and 5g) follows the solar cycle
phases (most frequent at solar maximum) better than the
occurrence of the positive storms (Figures 5b and 5f) at both
stations, which is discussed in section 5. The distribution of
non‐significant ionospheric storms (Figures 5d and 5h) is
similar to that of the geomagnetic storms (Figures 5a and 5e).

4.2. Seasonal Dependence

[15] The monthly distribution of the number of storms is
shown in Figures 6a and 6e for geomagnetic storms and the
panels below for the different types of ionospheric storms
(left for Kokubunji and right for Boulder). As shown, the
occurrence of the ionospheric storms follows the seasons
rather than the distribution of the geomagnetic storms.
Irrespective of the location of preference, positive storms
(Figures 6b and 6f, red histograms) occur frequently in
winter and equinoxes (September through April), and neg-
ative storms (Figures 6c and 6g, red histograms) occur
mainly in summer (May‐August) at both stations. However,

Figure 1b. Number of main phase onset of geomagnetic storms (Dst ≤ −50 nT) in 1985–2005 as func-
tions of (top) years, (middle) months of year, and (bottom) universal time of day.
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at Boulder where the negative storms are most frequent,
they occur at equinoxes and in winter also (Figure 6g, red
histograms). The occurrence of the PN‐storms (Figures 6b
and 6f, green histograms) is also frequent in summer at
both stations. The seasonal dependence of the ionospheric
storms agrees with earlier studies [e.g., Prölss, 1995;
Mendillo and Narvaez, 2009, 2010]. The NS‐storms (Figures
6d and 6h), however, follow the distribution of the geomag-
netic storms rather than seasons as expected.

4.3. Local Time Dependence

[16] Local time distribution of the ionospheric storms is
studied for all geomagnetic storms (Dst ≤ −50 nT) together
and for major and supper storms (Dst ≤ −100 nT) separately.
Though there are 175 major and super storms (Table 1),
the ionospheric data at both stations are available only for
155 storms. Figures 7a and 7c show the local time distribution
of the MP onset of the major and super storms (together) for
which ionospheric data are available; Figures 7b and 7d show
the corresponding distributions of the positive and negative
ionospheric storms; P‐storms and PN‐storms together are
considered as positive storms, and N‐storms and NP‐storms
together as negative storms. The positive and negative
ionospheric storms do not add up to the geomagnetic storms
(Figure 7) because the non‐significant ionospheric storms
(16 at Kokubunji and 18 at Boulder) are not considered.
Considering all geomagnetic storms (Dst ≤ −50 nT) together,
Table 2 lists the number of different types of ionospheric
storms for morning‐noon (05–12 LT) MP onset, noon‐

evening (13–19 LT) MP onset and nighttime (20–04 LT) MP
onset at Kokubunji. Table 3 gives a similar list for Boulder.
[17] As shown by Figures 7a and 7c the MP onset of the

major and super geomagnetic storms shows clear peaks at
around 09 LT at Kokubunji and 16 LT at Boulder, which
correspond to UT midnight. The UT midnight preference
(about 130% and 100% excess MP onsets compared to a
uniform distribution, Figure 7) seems to be significant,
discussed in section 5. However, a secondary preference at
around UT midday when all storms are considered together
(Figure 1b) disappears when major and super storms alone
are considered (Figure 7).
[18] As listed in Tables 2 and 3 and shown in Figures 5–7,

irrespective of the intensity of the geomagnetic storms, the
number of positive ionospheric storms at Kokubunji is more
than double that at Boulder. Also, irrespective of the loca-
tion of preference, the positive storms at both stations occur
most frequently for the morning‐noon (05–12 LT) MP
onsets with clear peaks for the MP onsets at around 09–
10 LT (Figures 7b and 7d, red histograms). The local time
preference does not seem to be due to the distribution of the
MP onsets (Figures 7a and 7c) because the preference is
similar at both stations. However, the preference is most
clear at Kokubunji where the UT midnight preference for the
MP onset (Figure 7a) corresponds to 09 LT. The number of
negative storms (Figures 7b and 7d, blue histograms) are
also less in the morning‐noon sector and more in the
nighttime sector at both stations.

Figure 2a. (bottom) Example of a positive ionospheric
storm at Kokubunji during (top) the geomagnetic storm of
22–25 October 1999. Following the main phase onset
(MPO) at around 09 LT (=UT + 9 hrs) on 22 October the
storm‐time Nmax (solid curve) remains much greater than
the seven quiet‐day average prior to the storm (dashed
curve).

Figure 2b. (bottom) Example of a positive ionospheric
storm at Boulder during (top) the geomagnetic storm of
17–20 February 1998. Following the main phase onset
(MPO) at around 07 LT (=UT‐7 hrs) on 17 February the
storm‐time Nmax (solid curve) remains much greater than
the seven quiet‐day average prior to the storm (dashed
curve).
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4.4. Strength of Ionospheric Storms

[19] As mentioned in section 2, the maximum positive
value of DNmax (for positive storms) and maximum neg-
ative value of DNmax (for negative storms) are taken to
represent the strength of the ionospheric storms. PN‐storms
and NP‐storms are not considered because they have both
positive and negative phases. Minimum Dst and integrated
Kp during MP are considered to represent the intensity of
the geomagnetic storms. Figure 8 shows the dependence of
the magnitude of maximum DNmax on minimum Dst
separately for the positive and negative storms at Kokubunji
and Boulder; all geomagnetic storms (Dst ≤ −50 nT) are
considered. The main feature of Figure 8 is small positive
correlations and large scatter. The correlation is also better
for the negative storms at the higher latitude station Boulder.
The correlations between DNmax and integrated Kp (not
shown) are also found to be similar to those in Figure 8. The
small correlation and large scatter suggest that the strength
of the ionospheric storms depends not only on the intensity
of geomagnetic storms but also on a number of other
parameters, discussed in section 5.

5. Discussion

[20] The main points of the statistics of occurrence of the
geomagnetic storms, and ionospheric storms at Kokubunji
(26.8°N magnetic latitudes) and Boulder (47.4°N magnetic
latitudes) obtained by analyzing the Dst and Nmax data in

two solar cycles (1985–2005) when 584 geomagnetic storms
occurred are listed and briefly discussed.
[21] 1. The geomagnetic storms reveal a preference for

main phase (MP) onset at around UT midnight, especially
for major storms (Figure 7). The UT midnight preference
(over 100% excess MP onsets compared to a uniform dis-
tribution) is as significant as the equinoctial preference and
is found to be consistent in all solar cycles (result not
shown). Though the preference is not understood, it is noted
that the corresponding noon meridian is in the Pacific sector
where the separation between geomagnetic and geographic
equators is a minimum (nearly zero) and declination angle is
nearly constant so that magnetosphere and ring current
become symmetric in north and south. That may help effi-
cient solar wind‐magnetosphere coupling and ring current
intensification, which may cause the frequent occurrence of
MP onset. The geomagnetic storms are also frequent at
equinoxes compared to solstices, for which several expla-
nations have been proposed [e.g., Russell and McPherron,
1973; Newell et al., 2001, and references therein]. The
Russell and McPherron [1973] explanation is based on the
26° angle between the equatorial plans of Sun and Earth and
11° tilt of Earth dipole axis. However, Newell et al. [2001]
suggest that geomagnetic activity can also maximize when
the night side auroral oval in both hemispheres is in dark-
ness, which happens at around equinoxes. The occurrence
and intensity of the geomagnetic storms also exhibit the well
known solar cycle dependence, most frequent and intense at

Figure 3a. (bottom) Example of a negative ionospheric
storm at Kokubunji during (top) the geomagnetic storm of
2–4 October 1991. Following the main phase onset
(MPO) at around 04 LT (=UT+9 hrs) on 2 October the
storm‐time Nmax (solid curve) remains much lower than
the seven quiet‐day average prior to the storm (dashed curve).

Figure 3b. (bottom) Example of a negative ionospheric
storm at Boulder during (top) the geomagnetic storm of
24–26 November 2001. Following the main phase onset
(MPO) at around 00 LT (=UT‐7 hrs) on 24 November
2001 the storm‐time Nmax (solid curve) remains much
lower than the seven quiet‐day average prior to the storm
(dashed curve).
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solar maximum, though sometimes intense storms occur
frequently at the declining phases of solar cycles, for
example in 2003–04, as reported by Gonzalez et al. [1994].
[22] 2. The number of positive ionospheric storms

(Tables 2 and 3, Figures 5–7) at Kokubunji (26.8°N magnetic
latitudes) is more than double that at Boulder (47.4°N mag-
netic latitudes). According to a mechanism of the positive
storms [Balan et al., 2010, 2011a], the storms can occur
either due to the mechanical effects of storm‐time equator-
ward neutral winds and surges alone or together with day-
time eastward PPEFs. In the latter case, considering the
variability of the winds and PPEFs, the strength of the pos-
itive storms (described in section 1) is centered at ±20° to
±30° magnetic latitudes. The high latitude thermospheric
neutral winds, temperatures and composition have been
measured using ground‐based and satellite techniques and
compared with models [e.g., Rees et al., 1980; Shepherd
et al., 1993; Prölss, 1995; Reigber et al., 2002]. Recent
observations show that the heating and expansion of the
ionosphere (and hence thermosphere) during geomagnetic
storms begin with the onset of the initial phase of the storms
[e.g., Balan et al., 2008]. The resulting winds are found to
reach the equator during all geomagnetic storms [Lei et al.,
2010; Balan et al., 2011a], preceded by fast surges during
storms with short and steady MPs [e.g., Fuller‐Rowell et al.,
1994; Balan et al., 2011a]. The eastward PPEFs also occur
during part or whole of the MP of all geomagnetic storms
[e.g., Huang et al., 2010a; Balan et al., 2011b]. The positive

ionospheric storms are therefore expected more frequently at
±20° to ±30° magnetic latitudes than at other latitudes as
observed. The variability of quiet time E × B drift, neutral
winds and separation between geomagnetic and geographic
equators can cause variations in the latitude for the most
probable occurrence of the positive storms. However, the
strength of the positive storms (deviation from quiet time
levels) is found to be strong within ±20° to ±30° magnetic
latitudes in all longitudes during major geomagnetic storms
[Mannucci et al., 2005; Lei et al., 2010; Balan et al., 2010,
2011a, and references therein]. The present statistics suggests
that it may be true for moderate storms also. The positive
storms at sub‐auroral latitudes, however, can maximize due
to intensified sub‐auroral electric fields, without contribu-
tions from the strengthening of eastward PPEFs [e.g., Heelis
et al., 2009].
[23] 3. Irrespective of the intensity of the geomagnetic

storms and location, positive ionospheric storms occur fre-
quently in the morning‐noon local time sector of MP onset
(Tables 2 and 3, Figure 5). This is expected because the
positive storms involve the daytime production of ionization
[e.g., Kelley et al., 2004; Balan et al., 2010], which dom-
inates over the chemical loss of ionization in the morning‐
noon local time sector.
[24] 4. The occurrence of negative ionospheric storms

follows the solar cycle phases (most frequent at solar
maximum) better than the occurrence of positive iono-
spheric storms (Figure 5). This can be understood from the

Figure 4a. (bottom) Example of a positive followed by
negative ionospheric storm at Boulder during (top) the geo-
magnetic storm of 04–07 June 1991. Following the main
phase onset (MPO) at 11 LT (=UT‐7 hrs) the storm‐time
Nmax (solid curve) remains greater than the seven quiet‐
day average prior to the storm (dashed curve) until sunset,
which is followed by a large decrease.

Figure 4b. (bottom) Example of a negative followed by
positive ionospheric storm at Boulder during (top) the geo-
magnetic storm of 26–29 August 1990. Following the main
phase onset (MPO) at 00 LT (=UT‐7 hrs) on 26 August the
storm‐time Nmax (solid curve) remains lower than the
seven quiet‐day average prior to the storm (dashed curve)
for nearly a day, which is followed by large increases.
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mechanism of the negative storms [e.g., Fuller‐Rowell et al.,
1994; Prölss, 1995], described in section 1. Due to thermal
expansion, the quiet time [O]/[N2] ratio at all pressure (and
height) levels is smaller at solar maximum than at solar
minimum. In such a background thermosphere, the chemical
effects of the storm‐time neutral winds can easily make the
[O]/[N2] ratio much smaller at solar maximum than at solar
minimum. In other words, negative ionospheric storms can
occur easily at solar maximum than at solar minimum.
[25] 5. Irrespective of location the negative ionospheric

storms are frequent in summer months (Figure 6), which
also agrees with the mechanism of the negative storms [e.g.,
Prölss, 1995]. The quiet time summer to winter thermo-
spheric circulation makes the background [O]/[N2] ratio
smaller in summer than in winter (and equinox) at all
pressure (and height) levels. The chemical effects of storm‐
time neutral winds can therefore produce negative iono-
spheric storms easily in summer.

[26] 6. The strength of both positive and negative iono-
spheric storms has a small positive correlation and large
scatter with the intensity of the geomagnetic storms
(Figure 8). This indicates the large variability of the drivers
of the ionospheric storms. As mentioned in section 1, the
drivers include the heating and expansion of high latitude
thermosphere and resulting equatorward neutral surges and
winds [e.g., Prölss and Jung, 1978; Roble et al., 1982] that
change thermospheric composition [Mayr and Volland,
1973; Fuller‐Rowell et al., 1994] and also exert mechani-
cal and electrical effects (disturbance dynamo) on the ion-
osphere [e.g., Blanc and Richmond, 1980;Prölss and Jung,
1978; Balan et al., 2010, 2011a]. The penetration of high
latitude electric fields to low latitudes [e.g., Sastri, 2002;
Fejer et al., 2007; Abdu et al., 2008;Huang et al., 2010b]
and intensification and equatorward expansion of sub‐
auroral electric fields [e.g., Foster, 1993] also play major
roles in the generation of ionospheric storms [e.g., Kelley
et al., 2004; Heelis et al., 2009]. The strength of these
coupled drivers depends on the intensity (e.g., minimum
Dst) of the geomagnetic storms, and on the background
thermosphere and ionosphere (or on time of the day, season,
level of solar activity and location). The coupled drivers and
background thermosphere and ionosphere together generate
positive or negative ionospheric storms, and control their
strengths in complicated ways which is not understood. The
positive and negative storms could also merge in some
locations reducing their strengths. It is also known that short
and steady MPs (though weak) can cause strong thermo-
spheric and ionospheric storms compared to long and fluc-
tuating MPs (though intense) through impulsive response
[e.g., Balan et al., 2011a].
[27] 7. In addition to the positive and negative ionospheric

storms, the statistics (Tables 2 and 3, Figure 6) shows a
significant number of positive storms followed by negative
ones (PN‐storms), which occur mainly in summer months.
There are also a small number of negative storms followed
by positive ones (NP‐storms), the negative phase of which
usually correspond to nighttime MP onset and positive
phase correspond to the daytime re‐intensification of the
storm during the RP of the main storm. There are also a
significant number of non‐significant ionospheric storms
(NS‐storms), which seems to suggest the longitude depen-
dencies of penetration electric fields and energy input at
high latitudes.
[28] 8. That qualitatively discusses the main points of the

present statistics. Quantitative discussions, which need
detailed modeling for each point, are beyond the scope of
the present paper. As a final comment, though a general
picture of the occurrence of the ionospheric storms as

Figure 4c. (bottom) Example of a non‐significant iono-
spheric storm at Kokubunji during (top) the geomagnetic
storm of 17–20 November 1989. The storm‐time Nmax
(solid curve) remains almost the same as the seven quiet‐
day average prior to the storm (dashed curve).

Table 2. Ionospheric Storms for Different MP Onset Times at
Kokubunji (Dst < −50 nT)a

05–12 LT 13–20 LT 21–04 LT Total

P‐storms 100 57 98 255
PN‐storms 28 26 8 62
N‐storms 33 34 36 103
NP‐storms 5 1 6 12
NS‐storms 35 26 31 92
Total 203 143 178 524

aSee text for P‐storms, PN‐storms, N‐storms, NP‐storms and NS‐storms.

Table 3. Ionospheric Storms for Different MP Onset Times at
Boulder (Dst < −50 nT)a

05–12 LT 13–20 LT 21–04 LT Total

P‐storms 62 28 33 123
PN‐storms 28 19 5 52
N‐storms 48 96 80 224
NP‐storms 3 5 9 17
NS‐storms 24 23 22 69
Total 165 170 150 485

aSee text for P‐storms, PN‐storms, N‐storms, NP‐storms and NS‐storms.
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Figure 5. For (left) Kokubunji and (right) Boulder: (a and e) yearly variations of the number of geomag-
netic storms for which ionospheric data are available; (b and f) corresponding variations of positive (red)
and positive followed by negative (black) ionospheric storms; (c and g) negative (blue) and negative fol-
lowed by positive (purple) ionospheric storms; and (d and h) non‐significant ionospheric storms. Total
number of different types of storms is noted.
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Figure 6. For (left) Kokubunji and (right) Boulder: (a and e) monthly variations of the number of geo-
magnetic storms for which ionospheric data are available; (b and f) corresponding variations of positive
(red) and positive followed by negative (green) ionospheric storms; (c and g) negative (purple) and neg-
ative followed by positive (blue) ionospheric storms; and (d and h) non‐significant ionospheric storms.
Total number of different types of storms is noted.
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functions of local time, season and location is obtained from
the numerous studies for over 50 years, it is not yet possible
to say when, where, how (positively or negatively) and how
strongly the ionosphere will respond to a given geomagnetic

storm. Detailed observations and modeling of the solar
wind‐magnetosphere‐ionosphere‐upper atmosphere coupling
during solar events such as CMEs (coronal mass ejections)
are needed to predict the ionospheric storms that can cause

Figure 7. Local time variations of the main phase onset of the number of geomagnetic storms (Dst ≤
−100 nT) for which ionospheric data are available at (a) Kokubunji and (c) Boulder and (b and d) cor-
responding positive (red) and negative (blue) ionospheric storms. Total number of different types of
storms is noted; the horizontal lines (Figures 7a and 7c) represent uniform distributions.

Figure 8. Scatterplot of the strength of (top) positive and (bottom) negative ionospheric storms (magni-
tude of maximum DNmax) at (left) Kokubunji and (right) Boulder against the intensity of geomagnetic
storms (minimum Dst).
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serious problems in satellite systems, power supply systems,
and satellite navigation and communication.

6. Conclusions

[29] The statistics of occurrence of the geomagnetic storms,
and ionospheric storms at Kokubunji (26.8°N magnetic
latitude) and Boulder (47.4°N) in 1985–2005 when 584 geo-
magnetic storms occurred reveal some new aspects.
[30] 1. The main phase (MP) onset of the geomagnetic

storms shows a preference at around UT midnight especially
for major storms, over 100% excess MP onsets compared to
a uniform distribution. Though the UT midnight preference
is not understood, it is noted that the corresponding noon
meridian is in the Pacific sector where the separation
between geomagnetic and geographic equators is a mini-
mum and declination angle is nearly constant so that solar
wind‐magnetosphere coupling and ring current intensifica-
tion may become more efficient in this than in other lon-
gitude sectors.
[31] 2. The number of positive ionospheric storms at

Kokubunji (about 250) is more than double that at Boulder
as expected from a physical mechanism of the positive
storms, which is also supported by a reverse preference for
the negative ionospheric storms (about 100 at Kokubunji
and 220 at Boulder). (3) The occurrence of the positive
storms at both stations also shows a preference for the
morning‐noon onset of geomagnetic storms as expected.
(4) The occurrence of the negative ionospheric storms follows
the solar cycle phases (most frequent at solar maximum)
better than the occurrence of positive storms, which agrees
with the mechanism of the negative storms. (5) The strength
of both positive and negative ionospheric storms at both
stations shows a weak positive correlation and large scatter
with the intensity of the geomagnetic storms, which suggests
the large variability of the drivers of the ionospheric storms.
(6) In addition to the positive and negative ionospheric
storms there are a considerable number of positive storms
followed by negative ones (about 65 at Kokubunji and 50 in
Boulder), and a small number of negative storms followed
by positive ones (about 10 at Kokubunji and 20 at Boulder).
(7) There are also a significant number of non‐significant
ionospheric storms (about 90 at Kokubunji and 70 at
Boulder), which seems to suggest the longitude dependen-
cies of the eastward PPEF and energy input at high latitudes.
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