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Abstract

High-Intensity, Long-duration, Continuous AE Activity (HILDCAA) events are studied using
long-term geomagnetic and solar wind/interplanetary databases. We use the strict definition of a
HILDCAA event, that it occurs outside of the main phase of a magnetic storm, the peak AE is
>1000 nT, and the duration is at least 2 days long. 133 events have been identified from the AE
indices in the 1975 to 2011 interval, a ~3% solar cycle span. Of the 133 events, 99 had
simultaneous interplanetary data available. The overwhelm majority (94%) of these latter cases
were associated with high-speed solar wind stream (HSS) events. The remaining 6% of the cases
occurred after the passage of interplanetary coronal mass ejections (ICMEs). The HSS-related
events were typically associated with large interplanetary magnetic field (IMF) Bz variances.
The ICME-related events were characterized by steady southward Bz intervals or low frequency
fluctuations, both of which we view as possible different interplanetary phenomena. HILDCAA
events have been found to have their largest occurrence frequency in the solar cycle descending
phase (~6.8/year) with the second largest at solar minimum (~3.5/year). The occurrence
frequencies were considerably lower in the ascending phase (~2.5/year) and at solar maximum
(~2.2/year). Thus, HILDCAAs can occur during all phases of the solar cycle, with the
descending phase ~3 times more likely to have an event than at solar maximum and the
ascending phase. The HILDCAA events that occurred in the declining phase and at solar
minimum were >20% longer in duration than those in the ascending phase and solar maximum,
respectively. The events during the recent solar and geomagnetic minima, 2007-2009, were, on
the average, ~17% and 14% weaker in peak AE than the events during the previous two minima

of 1995-1997 and 1985-1987, respectively. The recent minimum events were ~35% and 41%
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shorter in durations, respectively, than the events during those previous minima. The yearly
occurrence of the events exhibited statistically significant correlation (>0.70) with yearly average

speed and number of HSSs. No seasonal dependence of HILDCAA were noted.

1. Introduction

It has been shown that continuous, intense auroral activity, called High-Intensity, Long-Duration,
Continuous AE Activity (HILDCAA) event [Tsurutani and Gonzalez, 1987] is associated with
the generation of magnetospheric relativistic electron acceleration [Paulikas and Blake, 1979;
Baker et al., 1986; Summers et al., 1998; Nakamura et al., 2000; Lorentzen et al., 2001;
Meredith et al., 2003; Tsurutani et al., 2006a,b]. The scenario posed is that 10-100 keV electrons
are injected into the nightside sector of the magnetosphere during impulse substorm and
convection events [Horne and Thorne, 1998; Obara et al., 2000; Tsurutani et al., 2006a]. The
electrons are heated preferentially in the T, direction such that T.>T, (T, and T, being electron
temperatures perpendicular and parallel to the ambient magnetic field, respectively) through the
injection process and thus are unstable to the temperature anisotropy instability [Kennel and
Petschek, 1966; Tsurutani et al., 1979; Tsurutani and Lakhina, 1997] generating electromagnetic
plasma waves called chorus [Gurnett and O Brien, 1964; Burtis and Helliwell, 1969; Tsurutani
and Smith, 1974, 1977; Meredith et al., 2003; Tsurutani et al., 2011a]. Cyclotron resonance
between the plasma waves and the electrons leads to pitch angle scattering of the electrons and
loss to the ionosphere [Inan et al., 1978; Thorne et al., 2005; Summers et al., 2007; Tsurutani et
al., 2009, 2013; Lakhina et al., 2010]. The waves also interact with the electrons by phase-

trapping them [Li et al., 1997; Omura et al., 2008], leading to the acceleration of electrons to
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relativistic energies. It is generally accepted that these continuous, intense auroral activity events
are associated with high-speed solar wind streams (HSSs) which emanate from coronal holes

[Sheeley et al., 1976; Tsurutani and Gonzalez, 1987; Tsurutani et al., 1995].

The purpose of this effort is to study HILDCAA events from 1975 to 2011 to determine the solar
cycle and seasonal dependences of this phenomenon for the first time. The properties of these
events such as the temporal length, and the peak, average and integrated intensities will be
characterized. The results of this survey and a list of the events will be available, upon request,

for studies of chorus, relativistic electrons, as well as ionospheric and geomagnetic effects.

2. Data used and method of analyses

2.1. HILDCAA criteria
In the present study, all HILDCAA events occurring during 1975-2011 were identified when
data were available. The events were selected using the following four criteria of Tsurutani and

Gonzalez [1987]:

M the events had peak AE intensities greater than 1000 nT,

(i) the events had durations at least 2 days in length,

(i) the high AE activity was continuous throughout the interval, i.e., AE never dropped
below 200 nT for more than 2 h at a time, and

(iv)  the events occurred outside the main phases of geomagnetic storms.
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It should be mentioned that the “HILDCAA criteria” originally selected by Tsurutani and
Gonzalez [1987] were stringent in order to minimize the number of events to be studied. The
same physical process may occur when one or more of the four criteria are not strictly followed.
It was also stressed that the mechanisms creating HILDCAAs must be separate from those
creating magnetic storm main phases. It should also be noted that the acronym HILDCAA
contains the term “AE activity”, and does not indicate only substorm activity [see Tsurutani et

al., 2004 and Guarnieri, 2006].

2.2. Geomagnetic and interplanetary data
To identify HILDCAA events, 1-min AE indices from the World Data Center for
Geomagnetism, Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp/) were used. The Dst indices (1-h
time resolution) used to identify geomagnetic storm main phases were obtained from Echer et al.
[2011a]. Our definition of a magnetic storm main phase was an interval of a decrease in Dst with
peak Dst <-50 nT [Akasofu, 1981; Gonzalez et al., 1994]. Descriptions of the indices may be
found in Sugiura [1964], Davis and Sugiura [1966] and Rostoker [1972]. To identify HILDCAA
intervals, AE >1000 nT events were first sought. The data was scanned both forward and
backwards in time to determine where the event decreased below 200 nT for 2 h or more. If this
event was outside of a storm main phase and the event was longer than 2 days, this was

categorized as a HILDCAA event.

133 events were identified during the study interval. In Figure 1, the distribution of the
HILDCAA events is shown as a function of both year and month. The crosses in the figure

indicate data gaps.
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Solar wind/interplanetary data at 1-min time resolution were obtained from the OMNI website
(http://omniweb.gsfc.nasa.gov/). OMNI interplanetary data had been already time-adjusted to
take into account the solar wind convection time from the spacecraft to the bow shock, so no
further adjustments to the interplanetary data used were made in this study (see

http://omniweb.gsfc.nasa.gov/html/omni_min_data.html).

2.3. Solar cycle and seasonal dependences
To study the HILDCAA event solar cycle dependence, the events were first separated into
individual solar cycles (SCs). They are: SC 21 (1975-1985), SC 22 (1986-1995), SC 23 (1996-
2005) and SC 24 (2006-2011). The solar cycles were then divided into four phases, the
ascending phase (1977-1978, 1987-1988, 1998-1999, 2011), solar maximum (1979-1981, 1989-
1991, 2000-2002), the descending phase (1982-1984, 1992-1994, 2003-2005) and solar
minimum (1975-1976, 1985-1986, 1995-1997, 2006-2010). The events were also divided into
seasons of the year. The seasons are defined as follows: northern hemisphere spring equinox
(February, March, April), summer solstice (May, June, July), fall equinox (August, September,

October) and winter solstice (November, December, January).

Annual averaged F1o7 solar flux (10%Wm™2Hz") data (http://www.drao.nrc.ca/icarus) were used
to identify solar cycle phases. Although there is little difference in the solar cycle phases between
those shown in F17 and sunspot numbers, it was felt that F1; was more appropriate [Doherty et

al., 2000] for a study that involved HSSs emanating from coronal holes.
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2.4. Nested and normalized variances
Nested variances of the interplanetary magnetic field (IMF) components [Tsurutani et al., 1982]
were calculated to have a quantitative measure of interplanetary Alfvén wave intensities
[Tsurutani et al., 2011a,b; Echer et al., 2011b]. Since interplanetary Alfvén wave fluctuations
are more or less isotropic and Bz is an important component leading to geomagnetic activity at
Earth [Dungey et al., 1961], only the Bz component variances () are shown in the paper. The
10-min, 30-min, 1-h and 3-h variances were calculated from 1-min average magnetic field data
and then were used to make 3-h averages of those quantities. Because the 3-h values are greater
than the 1-h values, 1-h values are greater than the 30-min values (for the same time interval),
and so on, the lowest time scale variance is “nested” inside the value of the next higher time
scale variance, etc. The scientific benefit of this method of data display is that the variances give
the amount of wave power for frequencies up to the variance value. For example, the 3-h average
30-min variance values represent the average wave power occurring in the 1-min (the highest
resolution of the data used) to 30-min wave period range. The 1-h variance values give the wave
power occurring between 1-min to 1-h wave power range. If one subtracts the 30-min variance
value from the 1-h variance value, the resultant value is the amount of wave power which was
present for wave periods between 30-min and 1-h. Variances are also easy to calculate and
display. They can be used to determine an average wave power and a low-resolution power

spectrum.

The variance values were also normalized by dividing the variance values by the square of the

magnetic field magnitude (Bo?). We call these the “normalized variances™, 5,%/Bo’. This quantity
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is the most important quantity for cyclotron resonant wave-particle interactions [Kennel and

Petschek, 1966; Tsurutani and Lakhina, 1997].

3. Results

Figure 1 shows all of the HILDCAA intervals detected during the interval of study. From the
figure, it is seen that HILDCAAs may occur during any month and during any year. There are
only a few regions where there are many events. Three intervals stand out from the rest: (i) May-
August 1983-1985, (ii) January-May 1993-1995 and (iii) April-October 2002-2003. All three of
these intervals are in the declining phases of the solar cycle (more will be stated about this later).
However, the seasons are quite different. The first interval is during summer, the second during

spring and the third during summer-fall.

3.1. Case studies on HILDCAA events
An example of a HILDCAA event and associated solar/interplanetary variations during
December 2003 is shown in Figure 2. As denoted by the horizontal dash-dot line in the AE
panel, the event started at ~0248 UT on day 343 (9 December), 2003 and continued for ~7 days
until ~0402 UT on day 350 (16 December). The peak intensity (AE) of the event was ~1840 nT.
This HILDCAA event was preceded by the main phase of a moderate intensity geomagnetic
storm (Dst = -54 nT). The inspection of the solar wind and interplanetary data indicates that the
event occurred during a HSS-interval. The HSS had a peak solar wind speed (Vsw) of ~860
km/s. It started by the middle of day 342, and persisted until day 350. The solar wind

temperature (Tsw) more-or-less followed the variation of VVsw [Lopez and Freeman, 1986].
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Compressions in plasma and magnetic fields at the interface between the HSS and the slow
stream in the anti-solar direction (upstream) of the HSS are evident in the increases of plasma
density (Nsw) and IMF magnitude (Bo). This can be noted from ~0309 UT on day 341 to 1522
UT on day 343. These signatures identify this as a corotating interaction region (CIR) [Smith and
Wolfe, 1976; Tsurutani et al., 2006a]. For more details of HSS-slow speed stream interactions,

we refer the reader to Hundhausen [1973] and Pizzo [1985].

During the HILDCAA interval, Bz had an average value of ~-0.41 nT. In the next to lowermost
panel, 3-h averages of 10-min, 30-min, 1-h and 3-h nested variances of Bz are displayed. The
bottom panel gives the normalized variances of Bz. As can be observed from the figure, the
variance values were enhanced (3-h variance~47 nT? 1-h~39 nT?) near the stream-stream
interaction region where the magnetic field was strongly compressed. This result is similar to
results of analysis of other HSSs, one occurring in 2003 [Tsurutani et al., 2011a] and another in
2008 [Echer et al., 2011b]. During the HSS-interval, the 3-h (1-h) variance ranged from ~1.17 to
15 nT? (~0.92-12 nT?), with the average value ~7 nT? (5 nT?). The normalized variances were
found to be comparable during the stream interaction region and HSS-interval. The peak,
minimum and average values of 3-h (1-h) normalized variances were ~3.4x10*, 1.8x107 and

1.5x10™" (0.3x10%, 1.8x107%, 1.2x10™"), respectively.

Figure 3 shows another example of a HILDCAA event during May 2005. The Dst intensity
indicates the presence of an intense geomagnetic storm (Dst = -263 nT) during the first half of

day 135 (15 May), 2005. The recovery phase started at ~0900 UT on this day. The intense storm
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10

was caused by the southward IMF Bz of the magnetic cloud (MC)/interplanetary coronal mass
ejection (ICME) [Klein and Burlaga, 1982; Tsurutani et al., 1988; Echer et al., 2008]. The IMF
Bz was intensely southward (~-45 nT) for more than 3 h. The situation was favorable for the
development of the superintense storm main phase [Tsurutani et al., 1992; Echer et al., 2008]. A
peak solar wind speed (Vsw) of ~980 km/s was detected during the main phase of the storm. The
variation of the AE index during the storm recovery phase indicates the presence of a HILDCAA
from ~1708 UT on day 135 (15 May) to ~1603 UT on day 138 (18 May). The peak (AE)

intensity was ~1870 nT.

The IMF Bz variation during the HILDCAA interval (marked by box) is shown amplified for
better viewing. Bz exhibited a small, continuous southward component (average ~-2.8 nT). The
low frequency southward component is associated with the HILDCAA. The two lowermost
panels show the nested and normalized variances of Bz for the whole interval. The variances
were intense during the storm main phase (peak 3-h variance~174 nT?, 1-h~78 nT?). During the
HILDCAA-interval, the 3-h (1-h) variance varied from ~0.09 to 6.81 nT? (~0.07-3.56 nT?), with
an average value of ~1.71 nT? (0.87 nT?). The peak, minimum and average values of 3-h (1-h)
normalized variances were 6.3x1072, 1.4x10° and 1.9x10? (2.9x107% 0.96x107, 0.96x10?),
respectively. These variance and normalized variance values were considerably smaller than

those for event 1 (Figure 2).

From the case studies we found that while the HSS-related event (Figure 2) was associated with
large amplitude Bz variances, the ICME-related event (Figure 3) was characterized by small,

steady southward IMF Bz intervals or low frequency fluctuations. We view this as a possible
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different interplanetary mechanism for the geomagnetic activity/HILDCAA. There were 99
HILDCAA events where interplanetary data were available. It was found that 93 of the events
(94%) were associated with CIRs/HSSs. Only 6 events occurred after the passage of ICMEs. The
peak 3-h variances for the 93 CIR-events ranged from ~5.1 to 130 nT?, with an average value of
34 nT2 On the other hand, the peak 3-h variance for the 6 ICME-related events varied between
~2.41 and 45.4 nT?, with average value of 15.3 nT2 Thus, the IMF Bz variances for the CIR-
related events were larger than those for the ICME-events. We note however a lack of a

significantly large database to draw statistical conclusions.

3.2. Superposed epoch analyses
Superposed epoch analyses were performed on the geomagnetic and solar/interplanetary
variations for the 93 events associated with HSS/CIR events. The initiation times of HILDCAA
events were taken as the zero epoch time. Figure 4 depicts the superposed mean variations and
standard deviations of Vsw, Nsw, Tsw, IMF Bo, Bz, Dst and AE indices. The variations of the
parameters from 2 days prior to 3 days after the start time of HILDCAAs are shown. The
superposed variations may give some qualitative idea about the general features of geomagnetic

activity and causative interplanetary variations during HILDCAA events.

The variations of solar/interplanetary data show typical interplanetary signatures of CIRs (as was
illustrated for event 1, Figure 2). The interaction between a HSS and an upstream (anti-
sunwardly located) slow-speed stream is evident in the increase (~48%) of average Vsw around
zero epoch time. An increase of ~118% was noted in Tsw around the stream interface location. A

compression in plasma and magnetic field was evident in the increases of Nsw (~38%) and of Bo
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(~42%) from ~14 h prior to 18 h after the zero epoch time. The enhanced Tsw and Bo on the
right side of the zero epoch time represent the compressed fast stream. On the left side of the
zero epoch time, there is a mixture of two effects affecting the plasma and fields. There is a
compression of the slow solar wind leading to higher plasma densities, temperatures and
magnetic fields. There are also naturally occurring high plasma densities near the heliospheric
current sheet (HCS) [Smith et al., 1978; Tsurutani et al., 1995], called the heliospheric plasma
sheet (HPS: Winterhalter et al. [1994]). A superposed epoch analysis of this type mixes these

different physical phenomena.

Some noteworthy features in Figure 4 are: (i) before event initiation, the average Bz value was
~0 nT; (ii) Bz showed northward-to-southward turning ~2.5 h prior to the event initiation; and
(iii) Bz remained negative, though with very small peak values (~-2.4 nT), during the event
interval. The northward-to-southward turning may represent the typical HCS crossing or sector
reversal of the IMF occurring prior to stream interaction [Smith et al., 1978]. The Bz ~0 nT prior
to zero epoch was related to the “magnetic calm” [Tsurutani et al., 1995, 2006a,b; Borovsky and
Steinberg, 2006] as evident in low values of Dst (>-20 nT) and AE (~300 nT). Although we
observed high frequency fluctuations between northward and southward directions in Bz during
individual HILDCAA events (see Figure 2), the superposed variation (average) showed only
nearly constant southward values. This result is related to the averaging process of large
fluctuations over many events. This superposed southward component of Bz after the sector
reversal facilitated the magnetospheric reconnection mechanism [Dungey, 1961; Gonzalez and
Mozer, 1974] and is consistent with weak but sustained geomagnetic activity observed in the AE

(average value~450-500 nT) and Dst (<-30 nT) variations.
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In the following sections, results of the statistical study on the solar cycle and seasonal

dependences as well as the geomagnetic characteristics of HILDCAAs are presented.

3.3. Solar cycle dependences of HILDCAAs
We investigate the solar cycle dependence of 133 HILDCAA events by first identifying the
months and years of occurrences. The number of events during each year was divided by the
number of months of observation in that year (Figure 5). This process corrects the distribution
for data gaps. HILDCAA events were found to be distributed primarily around the declining
phase and solar minimum. The highest peak occurrences were noted during the declining phase
of the solar cycle. Averaging over the solar cycles, it was observed that the occurrence rate of
events during the declining phase was ~6.8/year. The next most frequent event occurrence
happened at solar minimum (~3.5/year). HILDCAA events also occurred at solar maximum
(~2.2/year) and in the ascending phase (~2.5/year). Thus, HILDCAAs occurred in all phases of
the solar cycle. During the declining phase, the occurrence rate was ~3 times as likely as during

solar maximum and in the ascending phase.

Interesting differences between the solar cycles were noted. Around the transition between the
SCs 21 and 22, a two-peak nature of HILDCAA occurrence was evident. However, only one
peak was noted for the SCs 22-23 transition. Although, two peaks were observed in the
descending phase of SC 23, the events were found to be more evenly distributed throughout this

cycle.
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The solar cycle dependence of HILDCAAs depicted here is different from the reported solar
cycle dependence of intense (Dst < -100 nT) geomagnetic storms [Gonzalez et al., 1990, 1994,
2007; Alves et al., 2006; Tsurutani et al., 2006a; Echer et al., 2008, 2011a, 2013; Chakraborty
and Hajra, 2010; Hajra, 2011]. The largest occurrence of the storms is at and around solar

maximum. The minimum occurrence of storms is at solar cycle minimum phase.

At solar maximum and a few years after solar maximum, the main features present at the Sun are
sunspots and active regions. Intense solar flares and coronal mass ejections (CMEs) [Burlaga et
al., 1981; Klein and Burlaga, 1982; Gosling et al., 1990] often occur together because they are
both products of solar magnetic reconnection. If this ICMEs have southward Bz components and
they hit the Earth’s magnetosphere, they cause magnetic storms. At solar maximum ICMEs are
known to be the main causes of geomagnetic storms [Tsurutani et al., 1988; Gosling et al., 1990;
Richardson et al., 2002; Echer et al., 2008]. The yearly number of CMEs, yearly peak and
average CME speeds are reported to exhibit an ~11-year solar cycle variation [Webb and
Howard, 1994; Gopalswamy et al., 2004; Obridko et al., 2012] similar to that of intense

geomagnetic storms [Tsurutani et al., 2006a].

During the declining phase and solar minimum, coronal holes extend to lower solar latitudes and
expand in size, becoming the dominant solar feature causing geomagnetic activity. HSSs
emanate from these coronal holes [Krieger et al., 1973; Sheeley et al., 1976; Tsurutani et al.,
1995]. CIRs are formed at the leading edges of the fast streams due to interaction with slow
background streams [Smith and Wolfe, 1976; Pizzo, 1985; Balogh et al., 1999]. CIRs usually

lead to moderate magnetic storms (Dst > -100 nT: Tsurutani and Gonzalez [1997]) and the
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trailing HSS proper causes prolonged periods of geomagnetic activity [Tsurutani et al., 1995;
Guarnieri et al., 2006; Kozyra et al., 2006; Turner et al., 2006]. The HSS/HILDCAA intervals
appear as a “recovery phase” of the CIR storm, but in actuality there is fresh input of solar wind
energy in addition to the ring current decay [Tsurutani et al., 2004; Guarnieri, 2006]. Thus, the
HILDCAA solar cycle distribution follows the low latitude coronal hole distribution at the Sun

and the CIR/HSS distribution in the solar wind in the ecliptic plane.

3.4. Seasonal dependences of HILDCAAs
To study the seasonal dependences, the number of events in a month was divided by the number
of years where observations were available for that particular month. Figure 6 shows the
HILDCAA distributions during different months of varying solar cycle phases. From the
distribution, it is noted that HILDCAAs exhibited no “classical” semiannual seasonal distribution
like that for geomagnetic storms [Clua de Gonzalez et al., 1993; Gonzalez et al., 1999; Echer et
al., 2011a]. There were, however, minor seasonal features, which we mention below. There were
lesser occurrences during the month of November. This feature was present for all phases of the
solar cycle. During solar maxima and the descending phases, the occurrence rate of solstice
events appeared to increase slightly. An overall increase in the number of events during the
descending phases compared to those during the ascending phases was prominent. Even and odd
solar cycle data were grouped together to maintain consistent solar magnetic field polarities (not
shown). No clear semiannual or seasonal dependences were noted. The results are in agreement
with the Mursula et al. [2011] conclusion, although using a different approach, of ionospheric

conductivity control on geomagnetic activity.
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3.5. Association of HILDCAAs with HSSs
Figures 7-8 show the HILDCAA event relationship with HSS properties. In Figure 7, the yearly
peak (Vsw_p) and average (<Vsw>) values of solar wind speed (Vsw), and the percentage of
days (Dsoo) with HSSs (Vsw >500 km/s) are compared with yearly occurrences of HILDCAAs
(number per month in each year). The peaks in <Vsw> and Dsgo coincided strongly with the
yearly peak occurrences of HILDCAAs, while HILDCAAs did not follow the variation of

Vsw_p.

Figure 8 shows the variations of yearly occurrences of HILDCAAs with yearly values of Vsw_p,
<Vsw> and Dsgp. HILDCAA occurrence was strongly correlated to <Vsw> and Dsgo, and had its
poorest correlation with Vsw_p. Based on the analysis, we obtained the following relations for

HILDCAA occurrence rate:

H=(-2.6 £0.4) + (65.5 £ 9.4) x 10™ <Vsw> (r = 0.79) (1)

H=(-02+0.1) + (1.3 +0.2) x 107 Dsgo (r = 0.73) (2)

Here H represents the number of HILDCAAs per month in each year. The relationships are
statistically significant with high correlation coefficients (r). r is 0.79 in equation (1) (correlation

with Vsw) and 0.73 in equation (2) (with Dsgp).

Higher values of <Vsw> and Dsgy may indicate yearly dominance of long-lasting corotating
HSSs. The HSSs are accompanied by large-amplitude, non-linear, long-duration Alfvén wave

trains [Belcher and Davis, 1971; Tsurutani et al., 2005, 2006a,b]. A particular good example of
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this is the HSSs that occurred in 1973-1975 [Tsurutani et al., 1995]. It should be mentioned that
such strong HSS activity that occurred in 1973-1975 has never happened again. The
magnetospheric reconnection between southward components of Alfvénic IMF and the Earth’s
magnetic field causes continuous energy injection leading to long-sustained high intensity
auroral activities or HILDCAAs [Tsurutani and Gonzalez, 1987; Tsurutani et al., 1990, 1995;

Gonzalez et al., 2006].

3.6. Characteristics of HILDCAAs
We identified different characteristics of each HILDCAA event: (i) the time-integrated AE value
throughout the event (IAE), (ii) the average AE value during the event (<KAE>), (iii) the peak AE
value for the event (AE_p), and (iv) the duration of the event (D). Figure 9 shows the relative
distributions (histograms) of the events with respect to the characteristic parameters for the entire
years of study (1975-2011). The results are summarized in Table 1. IAE varied between 1.4x10*
and 16x10* nT-h with an average value of 3.3x10* nT-h. About 50% of the events exhibited IAE
values in the range of 2-3x10* nT-h and the number of events decreased gradually for larger
values of IAE. The <AE> for the events varied in the range of 285-621 nT, with an average
value of 422 nT. The majority of the events were characterized by <AE> ~350-500 nT. The
HILDCAAs exhibited peak strengths (AE_p) varying from 1041 to 2155 nT with an average
value of 1478 nT. More than 50% of the events had an AE_p in the range of 1200-1600 nT. The
duration (D) of HILDCAAs was found to vary from a minimum of ~2 days (by definition) to
more than 12 days (297 h). The average duration was 3.2 days (~76 h). The majority of the

events (~60%) had 2 to 3 days (50-70 h) durations.
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3.7. Solar cycle phase dependences of HILDCAA characteristics
The HILDCAA events were separated according to their occurrences during different phases of
the solar cycle. The solar cycle phase dependences of the HILDCAA characteristics are
summarized in Table 2. The events occurring during solar minimum were, on the average, ~29%
longer than those during solar maximum. Similarly, the events occurring during the descending

phase were ~21% longer than those during the ascending phase.

During the descending and solar minimum phases, HILDCAAs exhibited appreciably larger
ranges as well as average values of IAE, AE_p and D than during the ascending phase and solar
maximum, respectively. On the other hand, the <AE> for the events during solar maximum was
found to be comparable or even little larger than that during solar minimum. In general, the
combined descending phase and solar minimum had comparatively more intense events than

solar maximum and the ascending phases.

One hypothesis to explain this is that during the descending and solar minima phases, polar and
low latitude equatorial coronal holes are larger and the HSSs emanating from them are more
geoeffective. By the latter, we mean that the center of the HSSs where the speeds are ~750 to
800 km/s and the magnetic field variability AB/Bo is ~1 to 2 impinge on the magnetosphere (AB
being the peak-to-peak amplitude of the transverse magnetic field). These solar wind features

cause more intense and longer duration HILDCAA events.
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3.8. Comparison of HILDCAA characteristics between solar and geomagnetic minima
The years 1986, 1996 and 2008 represent three consecutive solar activity minima with yearly
mean Fi7 values of ~74, 72 and 69, respectively. We have considered the events occurring
during solar minimum + one year for comparative study (Table 3). Thus since geomagnetic
minimum typically occurs ~1 year after solar minimum [Echer et al., 2011a; Tsurutani et al.,
2011b], this includes geomagnetic minimum as well. The numbers of intense AE events during
the intervals were 13, 9 and 4, respectively. We intercompared possible differences in the
characteristics of HILDCAAs among these solar minima, though it should be noted that the
numbers of events are small for any statistical analysis. The events occurring during the recent
minimum (2007-2009) were found to be appreciably weaker (AE_p ~17% and 14% lower) and
short-duration (D ~35% and 41% shorter) compared to the previous minima (1995-1997 and

1985-1987, respectively).

This result is consistent with the overall lower geomagnetic activity around the recent solar
minimum. For the 2008-2009 interval, the IMF Bz variances were examined by Tsurutani et al.
[2011b] and Echer et al. [2011b] and it was shown that not only was the solar wind speed lower,
but the IMF Bz variances were lower as well. Other possible causes behind the weak
geomagnetic activity around the recent solar minimum are: (i) the low number of equatorial and
low-latitude coronal holes, (ii) low IMF magnitudes, (iii) low solar wind speeds, (iv) weakness
of magnetohydrodynamic forces in the solar wind and (v) low energy transfer from solar wind to
the magnetosphere during the period [de Toma, 2010, 2012; Tsurutani et al., 2011b; Echer et al.,

2012].
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4. Summary

This paper presented, for the first time, the results of the statistical studies on the HILDCAAs
using long-term (1975-2011) geomagnetic and solar wind/interplanetary databases. The results

may be summarized as follows:

(1) 133 AE events satisfying the “HILDCAA criteria” suggested by Tsurutani and Gonzalez
[1987] have been identified from 1975 to 2011, a 3% solar cycle span (Figure 1). A list of
events will be made available to people on request.

(2) Of the 133 events, 99 had simultaneous interplanetary data available. 94% of these cases
were associated with interplanetary HSSs. The remaining 6% of the cases occurred after
the passage of ICMEs. The HSS-related HILDCAAs were typically associated with large
amplitude IMF Bz variances. The ICME-related events were characterized by small,
steady southward Bz intervals or low frequency fluctuations (Figures 2, 3).

(3) The solar cycle variation of HILDCAAs showed an occurrence peak (~6.8/year) during
the declining phase. An appreciable number of events were also observed during solar
minimum (~3.5/year). The occurrence frequencies were considerably lower in the
ascending phase (~2.5/year) and at solar maximum (~2.2/year). Thus, HILDCAAs
occurred during all four phases of the solar cycle, with those occurring during declining
phases having a ~3 times greater probability than those in solar maximum and rising
phase (Figure 5).

(4) The HILDCAA events occurring during the descending phases were, on the average,

~21% longer in duration than those during the ascending phases. Similarly, the solar
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minimum events were ~29% longer than the solar maximum events. Also, the events
during the descending phase and solar minimum were more intense than those during the

ascending phase and solar maximum, respectively (Table 2).

(5) The events occurring during the most recent solar minimum years (2007-2009) were

found to be fewer in number, ~17%, and 14% weaker in strength than those during
previous solar minima of 1995-1997 and 1985-1987, respectively (Table 3). Also, the
duration of the recent events were ~35% and 41% shorter than those of the two previous
minima, respectively. Although the numbers of events during the intervals were small for
any statistical analysis, the result is consistent with the overall lower geomagnetic activity
around the recent solar minimum [de Toma, 2010, 2012; Echer et al., 2011b, 2012;

Tsurutani et al., 2011b].

(6) The peaks of the solar cycle variation of HILDCAAs were well-correlated with the yearly

average Vsw and number of days with HSSs (Vsw>500 km/s) (Figures 7-8). This result

is consistent with item (4).

(7) HILDCAA distributions did not exhibit any “classical” semiannual variations as observed

for geomagnetic storms (Figure 6). During solar maximum, the number of events seemed
to be larger during summer compared to equinoxes. The occurrences were consistently
low during the month of November in all phases of the solar cycle. There were no
seasonal dependences found. The results may suggest the effect of ionospheric ionization

on the magnetic activities [Mursula et al., 2011].
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5. Final comments

This study was done primarily to identify the solar cycle dependences of HILDCAA intervals
and to form a database which could be used by investigators for the study of related phenomena.
What was not covered in this paper is what HILDCAAs are from a physical viewpoint. This is
clearly an important topic but beyond the scope of the present work. The justification for the
name “HILDCAA” is given in Tsurutani et al. [2011a]. Notice that the word “substorm” is not
included in this name (only AE activity), for good reason. Although there are substorms during
HILDCAA intervals [Tsurutani et al., 2004], there is clearly much more happening in the
magnetosphere/ionosphere system [Guarnieri, 2006; Guarnieri et al., 2006]. We encourage the

interested reader to pursue this topic.

The high IMF Bz variances and normalized variances during HILDCAA events most likely
indicate interplanetary Alfvén waves that have been shown and discussed in many previous
works [Tsurutani et al., 1982, 1990, 2011a,b; Tsurutani and Gonzalez, 1987; Echer et al.,

2011b]. They were not identified as such here because this was not the main focus of this paper.
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Figure captions

Figure 1. The number of HILDCAAs for different months of the years 1975-2011. The values of
different shadings are given in the legend at the right. The crosses represent data gaps from
January 1976 to December 1977, from July 1988 to February 1989, and from April to December

of 1989.

Figure 2. Solar wind/interplanetary parameters and geomagnetic activity indices for a
HILDCAA event during December 2003. From top to bottom, the panels show the variations of
solar wind speed (Vsw in km/s), plasma density (Nsw in cm™), temperature (Tsw in K), IMF
magnitude (Bo in nT), and Bx (nT), By (nT), Bz (nT) components in the GSM coordinate
system, and the Dst (nT), AE (nT) indices, respectively. The bottom two panels show the nested
10-min, 30-min, 1-h and 3-h variances (c;° in nT?) and normalized variances (c,/Bo%) of Bz.
The legend for the variances and normalized variances is given in the next to last panel. The
variances are estimated using 1-min IMF data. In the AE panel, the horizontal dash-dot line
indicates the time interval of the HILDCAA event. There are high amplitude Alfvén waves in
IMF Bz during the HILDCAA interval. This event was caused by the southward components of

the IMF Alfvén waves in a CIR/HSS.

Figure 3. Another example of HILDCAA event but associated with a ICME. The event occurred
during May 2005. The format is the same as in Figure 2. This HILDCAA follows a magnetic
cloud (MC). Note that the IMF Bz during the HILDCAA-interval (marked by box in Bz panel)

are shown in enhanced scale to make clear viewing. The IMF Bz value is slightly negative
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throughout the entire HILDCAA interval. It is generally devoid of Alfvén waves, unlike the case

shown in Figure 2.

Figure 4. Superposed epoch analyses results for 93 HILDCAA events associated with HSS/CIR
events showing, from top to bottom panels, Vsw (km/s), Nsw (cm™), Tsw (K), IMF Bo (nT), Bz
(nT), Dst (nT) and AE (nT). The solid lines are the mean values and vertical bars represent the

standard deviations. The zero epoch time corresponds to the starting time of the events.

Figure 5. Histograms give the relative occurrence of HILDCAAs during different years of
observations (1975-2011) (see text for details). The continuous line (secondary Y-axis, legend on
the right) shows the yearly smoothed Fig7 solar flux. “G” represents data gap. No AE data was
available for the years 1976 and 1977. For the year 1988, AE data was only available from

January to June, and for the year 1989, AE data was available only for the month of March.

Figure 6. Histograms show the relative occurrence of HILDCAAs during each month. From top
to bottom, the panels show the results during the ascending phase, solar maximum, the
descending phase, solar minimum, and during the entire period of observation, respectively. The

numbers in the parentheses represent the total number of events during each interval.

Figure 7. Histograms showing the relative occurrence of HILDCAAs during different years of
observation (1975-2011). The continuous lines (secondary Y-axis, legend on the right) present
the yearly peak (Vsw_p) and yearly average (<Vsw>) of solar wind speed and the percentage of

days (Dsoo) with Vsw>500 km/s. “G” represents data gap.
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Figure 8. The scatter plots showing the relative occurrences of HILDCAAs during each year
versus Vsw_p, <Vsw> and Dsgo. The linear regression curves and the corresponding correlation

coefficients (r) are also given.

Figure 9. Histograms of HILDCAAs for different ranges of (a) IAE (10* nT-h), (b) <AE> (nT),
(c) AE_p (nT), and (d) D (h). These histograms are for the 133 events occurring during entire
period of observation (1975-2011). The downward arrows in each panel indicate the
corresponding average (solid) and median (dotted) values. The lower limits of the parameters

are: D>48 h, AE_p>1000 nT, <AE>>200 nT. These were by definition.
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Table 1. Statistical features of 133 HILDCAA events occurring during 1975-2011.

Average+SD Median Maximum Minimum
IAE (10°nT-h)  3.3+2 2.8 16.3 1.4
<AE> (nT) 422+67.5 418.5 620.5 284.5
AE p (nT) 1477.9+£277.6 1425 2155 1041

D (day) 3.241.5 2.8 12.4 2




Table 2. Statistical features of HILDCAAs during different solar activity conditions. Numbers of

events under each group are also shown.

Average+SD Median Maximum Minimum
Solar minimum (38)
IAE (10°nT-h)  3.5+2.7 2.9 16.3 1.6
<AE> (nT) 409.8+59.7 396.1 549.1 302.4
AE p (nT) 1550.24290.5 1494 2155 1041
D (day) 3.542 2.8 12.4 2
Solar maximum (18)
IAE (10*nT-h) 2.8+1.1 2.4 5.4 1.7
<AE> (nT) 428.6+73.9 418.3 579.2 327
AE p (nT) 1351.24224.5 1307.5 1866 1042
D (day) 2.7+0.8 2.5 5.3 2
Ascending phase (16)
IAE (10°nT-h)  2.8+0.8 2.7 4.5 1.6
<AE> (nT) 422.14+60.5 419.5 533.2 302.4
AE p (nT) 1464.6+254.2 1415.5 2155 1058
D (day) 2.7+0.7 2.6 4.4 2
Descending phase (61)
IAE (10°nT-h)  3.5+2.3 2.8 16.3 1.4
<AE> (nT) 422.8+71 418.5 620.5 284.5
AE p (nT) 1493.7+280.6 1458 2088 1041
D (day) 3.3£1.7 2.8 12.4 2







Table 3. Statistical features of HILDCAAs around three consecutive solar minima. Numbers of

events under each group are also shown.

Average+SD Median Maximum Minimum

1985-1987 (13)

IAE (10*nT-h)  2.9+0.8 2.9 4 1.6

<AE> (nT) 395.6+50.3 391.8 478.6 327.8

AE p (nT) 1537.1+335.2 1506 2155 1041

D (day) 3.1+0.7 3 4.3 2.1
1995-1997 (9)

IAE (10*nT-h)  2.9+1.1 2.6 55 1.8

<AE> (nT) 409+62.9 416.4 486.4 302.4

AE p (nT) 1573.7+198 1512 2015 1352

D (day) 2.940.9 2.8 5 2.2
2007-2009 (4)

IAE (10*nT-h)  1.9+0.4 1.8 2.4 1.6

<AE> (nT) 364.9+32.6 371.2 392.1 325

AE p (nT) 1347.3+203.9 1418.5 1494 1058

D (day) 2.240.3 2.1 2.6 2
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