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Abstract. The interaction between a fast-speed and a low-
speed stream causes large-amplitude Alfvénic fluctuations;
consequently, the intermittency and the brief intervals of
southward magnetic field associated with Alfvén waves
may cause high levels of AE activity, the so-called high-
intensity, long-duration, continuous AE activity (HILD-
CAA). In this article, the 4h windowed Pearson cross-
correlation (4WPCC) between the solar wind velocity and
the interplanetary magnetic field (IMF) components is per-
formed in order to confirm that the less strict HILDCAA
(HILDCAAs*) events include a larger number of Alfvén
waves than the HILDCAA events, once HILDCAAs disre-
gard part of the phenomenon. Actually, a HILDCAA event
is entirely contained within a HILDCAA* event. However,
the opposite is not necessarily true. This article provides a
new insight, since the increase of Alfvén waves results in
an increase of auroral electrojet activity; consequently, it can
cause HILDCAAs* events. Another important aspect of this
article is that the superposed epoch analysis (SEA) results
reaffirm that the HILDCA As* are associated with high-speed
solar streams (HSSs), and also the HILDCAAs* present the
same physical characteristics of the traditional HILDCAA
events.

Keywords. Magnetospheric ~ physics ~ (solar ~ wind-
magnetosphere interactions; storms and substorms; general
or miscellaneous)

1 Introduction

During the declining phase of solar cycles, the dominant so-
lar phenomena affecting the geomagnetic activity are coro-
nal holes (Krieger et al., 1973; Hapgood, 1993; Webb, 1995;
Tsurutani et al., 2006), which are characterized by excep-

tionally low densities and unipolar photospheric magnetic
fields with “open” magnetic field topologies. Some coronal
holes can persist over several solar rotations. From coro-
nal holes, high-speed solar streams (HSSs) are continu-
ously emanating, and they can interact with the slower solar-
wind streams forming stream-interaction regions. Also, these
stream-interaction regions can produce corotating interaction
regions (CIRs, Smith and Wolfe, 1976; Gosling and Pizzo,
1999; Heber et al., 1999).

The coronal hole wind is characterized by large-amplitude
Alfvén wave trains (Alfvén, 1942; Zirker, 1977; Ofman and
Davila, 1995; Tsurutani et al., 1995, 2006; Tsurutani and Ho,
1999). In Alfvén waves within HSSs, the negative interplan-
etary magnetic field (IMF) B, component fluctuations induce
continuous auroral zone activity, the so-called high-intensity
long-duration continuous AE activity (HILDCAA, Tsuru-
tani and Gonzalez, 1987; Tsurutani et al., 2004; Guarnieri,
2013; Hajra et al., 2013, 2014a; Souza et al., 2016; Prestes
et al.,, 2017). The yearly AE index average can be higher
in the solar descending phase and minimum activity due to
HSS/CIR events (HSS + CIR and their combination), than
during the solar maximum activity, when the geomagnetic
activity is usually caused by fast interplanetary coronal mass
ejections (ICMEs; Tsurutani and Gonzélez, 1987; Tsurutani
and Ho, 1999; Tsurutani et al., 1995, 2006; Guarnieri, 2013;
Ojeda-Gonzilez et al., 2017b). In solar descending phase and
minimum activity, the geomagnetic storms are typically only
weak to moderate, and their long recovery phases are due to
the highly oscillatory nature of the magnetic field within the
CIRs (Tsurutani et al., 2006).

The traditional HILDCAA events are defined by four cri-
teria:

— high-intensity — peak AE values should exceed 1000 nT;
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— long-duration — their duration should be longer than
2 days;

— continuous AE activity — the AE values should never
drop below 200 nT for more than 2 h at a time;

— HILDCAAs must occur outside of the main phase of
geomagnetic storms (Tsurutani et al., 1995, 2004).

Moreover, Prestes et al. (2017) included a small modification
in the following criterion: “the AE values should never drop
below 200 nT for more than 2h at a time”, by changing 2 to
4 h at a time, in order to increase the number of HILDCAA
events available for study. They defined these slightly modi-
fied events as HILDCAAs* (see Prestes et al., 2017, for more
details).

The article aims to verify the Alfvénic fluctuations present
in the solar wind during HILDCAA and HILDCAA* occur-
rences. For this reason, we will correlate the solar wind ve-
locity components with their respective IMF components us-
ing spectral analysis, in particular, the gapped wavelet trans-
form (GWT). Multi-scaled spectral analysis of the solar pa-
rameters and/or the geomagnetic indices and their correla-
tion have been used by many authors (Echer et al., 2004;
Prestes et al., 2006; Klausner et al., 2013, 2014, 2016a, b;
Ojeda-Gonzélez et al., 2014, 2017a). If the variations in
the solar wind velocity and the IMF are well-correlated, it
can be said that there are Alfvénic fluctuations presented in
the HSS. Therefore, we expect that these correlations will
be higher during HILDCAA and HILDCAA* events, since
Alfvén waves usually induce continuous auroral zone activ-

ity.

2 Datasets and methodology

In this work, we used the 12 HILDCAA and 26 HILDCAA*
events in 2003 previously identified by Prestes et al. (2017).
In addition to determine the typical values of the solar wind
parameters related to them, we used the measurements by
the Advanced Composition Explorer (ACE) satellite with 1 h
and 1 min resolutions (Smith et al., 1998; McComas et al.,
1998). The interplanetary solar wind data used here are solar
wind speed (Vg in km s™h, plasma density (Ngy in cm ™),
temperature (7, in K), flow pressure ( Psy, in nPa), IMF mag-
nitude (B, in nT) and the B, (nT), By (nT) and B, (nT) com-
ponents in the GSM coordinate system. Here, we also used
the AE and Dst geomagnetic indices.

In order to show the HSS/CIR occurrence in 2003, a spec-
tral analysis using GWT is performed. The GWT can be
used in the analysis of non-stationary signal to obtain infor-
mation on the frequency or scale variations, and to detect
its singularities in time and/or in space (see Klausner et al.,
2013, for more details). It is possible to analyze a signal in
a timescale plane, known as wavelet scalogram. In analogy
with the Fourier analysis, the square modulus of the wavelet
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coefficient |W (a, b)|? is used to provide the energy distri-
bution in the timescale plane. In the GWT analysis, we can
also explore the central frequencies of the time series through
the global wavelet spectrum, which is the spectral power at
each scale integrated over the whole time series. Moreover,
the GWT is used to reduce gap problems in data, consid-
ering that it restores the admissibility condition, when the
wavelet is broken due to the overlap of the data gaps (Klaus-
ner et al., 2013). On the one hand, the continuous wavelet
transform (CWT) of a function f(¢) is defined by the inte-
gral transform, W (a, b) = ff(t)\%w* (%) dr, where v is
the wavelet mother that is a function of both time and fre-
quency (time b and scale a), and * represents the complex
conjugate. On the other hand, in the GWT near a gap, the
wavelet mother function Iﬂ;’b(l‘) = %aw (%) G(t) is used
instead of i, where G (¢) is the function of data gaps. The
leading idea of the GWT is to restore the admissibility con-
dition by repairing in some way the wavelet itself (see Klaus-
ner et al., 2013, for more details). Therefore, the GWT will
be used here to help reduce the effects of two common prob-
lems of the spectral analysis: (i) the presence of gaps in time
series and (ii) boundary effects due to their finite length.

For the purpose of associating the HILDCAA* events with
HSS/CIR events, superposed epoch analysis (SEA) is applied
to the solar wind parameters (Vsw, Nsw, Tsws Psw, IMF By,
By, By and B;) and to the geomagnetic indices (Dst and
AE), during the HILDCAA* events in 2003. As discussed
by Prestes et al. (2017), the HILDCAA event as defined by
Tsurutani and Gonzalez (1987) is entirely contained within
a HILDCAA* event. For this reason, in each IMF parameter
and in each geomagnetic index, we choose 2 days prior and
2 days after of the HILDCAA*/HILDCAA onset using 1h
time resolution. The length of 2 days is chosen because it is
one of the four criteria for an event to be considered HILD-
CAAs*/HILDCAAs. Following the same methodology ap-
plied by Hajra et al. (2013, 2014b), we consider the initia-
tion time of HILDCAA*/HILDCAA events as the zero epoch
time. Further, we calculate the mean variation of each IMF
parameter and each geomagnetic index for the 2 days prior
and for the 2 days after of the zero epoch time.

Until this point, the possibility of HILDCAA*/HILDCAA
events associated with Alfvén waves remains an unsolved is-
sue. To solve this problem, we implement a 4 h windowed
Pearson cross-correlation (4WPCC) methodology, which is
a well-accepted methodology by the scientific community to
identify Alfvén waves in the solar wind intervals. As an ex-
ample, this methodology was used in Belcher et al. (1969)
and Tsurutani et al. (1990, 2011) to determine the Alfvénic-
ity or non-Alfvénicity of the interplanetary medium. In these
works, the 4WPCC of the individual vector components of
the magnetic field and the solar wind velocity at O h lag were
calculated.

Therefore, the 4WPCC between the IMF components and
the solar wind velocity components (Vy — By, V, — By, and
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V, — B;) at O h lag are calculated in the same way as done by
Tsurutani et al. (2011). And it is applied to the ACE satellite
dataset (see in ACE Level 2 data server: merged IMF and so-
lar wind 64 s averages). The Alfvénicity behavior is analyzed
throughout the year of 2003. Following, the results will be
presented.

3 Results and discussion

In this section, we will study the AE activity index varia-
tion and the HILDCAA*/HILDCAA Alfvénicity behavior.
But first we will present the multi-scaled spectral analysis
of solar and/or geomagnetic activity to determine which of
the dynamical geomagnetic storm processes are responsible
for energy deposition into the magnetosphere. In this case,
it is expected that HSSs/CIRs are responsible for the recur-
rent low-to-moderate geomagnetic activity in 2003 and for
the energy deposition in the auroral zone. Second, we will
evaluate that the occurrence of HILDCAAs* is associated
with HSS/CIR events as discussed by Prestes et al. (2017).
Therefore, the SEA will be applied to the geomagnetic and
solar/interplanetary data.

Figure 1 presents the time series (top left panel) of
(a) plasma density (Ngy in cm ™), (b) Dst (nT), (c) AE (nT),
(d) solar wind speed (Vg in kms™1), (e) B, (nT) compo-
nent of IMF (GSM coordinates) and (f) IMF magnitude (B,
in nT); their respective wavelet square modulus (bottom left
panel); and their respective global wavelet spectrum (total
energy in each scale — bottom right panel).

In the top panel, Fig. 1 gives the daily average of the IMF
and plasma data for the year 2003. This figure also shows
an overview of the geomagnetic activity for this entire year.
When the lowest daily average of the solar wind proton den-
sity occurs simultaneously with the highest average of solar
wind speed, it indicates the presence of HSSs (Jian et al.,
2006).

In the bottom panel of Fig. 1, areas of stronger wavelet
power are shown in dark red and the areas of lower wavelet
power are shown in dark blue. On the x axis, the time varia-
tion is plotted with a 10-day interval, and the scale variation
with an interval of days is plotted on the y axis. As discussed
by Klausner et al. (2016b) using wavelet techniques, the pe-
riodicities of 5, 7 and 27 days, and the sub-harmonics of Sun
rotation of 9 and 13.5 days present in the scalograms can be
associated with HSSs and CIRs (Gosling et al., 1976, 1977).
It can be noticed that these periodicities are also presented in
the wavelet scalograms of the interplanetary parameters and
of the geomagnetic indices in Fig. 1. As well, these scalo-
grams show these similar spectral features in time and scale.
Consequently, it is possible to say that the majority of geo-
magnetic events in 2003 may be associated with HSS/CIR
events.

By the way, the HILDCAA*/HILDCAA occurrence also
depends on the southward IMF (B;) fluctuations. The cou-
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pling solar-wind—-magnetosphere is most strongly controlled
by the direction of the IMF, and it is stronger when
the IMF is southward. Due to the association of HILD-
CAAs*/HILDCAAs with HSS/CIR events, it is expected to
be a highly oscillatory nature of the B,. Figure 2 shows the
wavelet coherency scalogram between B, component and the
hourly AE index in 2003. The wavelet coherency transform
returns the magnitude-squared wavelet coherence, which is a
measure of the correlation between signals B, and AE in the
time—frequency plane. In Fig. 2, the strongest levels of en-
ergy appear between 13 and 30 days, which are the harmonic
and sub-harmonic of the solar rotation. In addition, the peri-
odicity of ~ 27 days persists mostly throughout the year of
2003. This result confirms that the B, is mainly controlled by
HSSs during this year. Therefore, this fact imposes a signifi-
cantly contribution for HILDCAA*/HILDCAA occurrences.

Moreover, a total of 26 HILDCAA* events (12 HILDCAA
events within these HILDCAA* events) have been found in
2003, ~ 2.5 events per month (see Tables 1 and 2 in Prestes
et al., 2017). With this result in hand, we decided to verify
the solar wind behavior during 2003. Figure 3 shows the
daily time series of solar wind speed (black line), and the
same signal filtered using a Butterworth low-pass filter with
a cutoff frequency ( f;) of 826.72 nHz (red line), which high-
lights periods above half solar rotation. In other words, the
low-pass filter is used to remove all low-order periods up to
14 days from the inputted solar wind series. These periods
can be eliminated from the analysis of HSS without compro-
mising the results, and/or even considered background noise.
The numbers 1 and 2 indicate the sequence of HSSs, and the
presence of two events per solar rotation in mostly months
in 2003 can be observed. However, a few months present
many HSSs, sometimes more than two per solar rotation.
August 2003 is an example of a month with the presence of
many HSSs. Also, some streams have profiles which indicate
that they are composed of overlapping events, whereas oth-
ers only have one event. These facts may explain the large
number of HILDCAA*/HILDCAA occurrences per month
in 2003 found by Prestes et al. (2017).

From this point forward, we will demonstrate that HILD-
CAA* events are associated with HSS/CIR events. Figure 4
shows the superposed mean variations (solid curves) and the
standard deviations (vertical bars) of Vi, Ngw, Tsw, Psw,
IMF B,, By, By, B;, Dst and AE indices. Each panel presents
a horizontal line that can be used as a reference parameter.
These lines correspond to the 2003 annual mean variation of
Vsws Nsws Tsw, Psw, IMF B, and AE, and to the zero value in
the case of By, By, B; and Dst (see Prestes et al., 2006, for
more details). As discussed by Hajra et al. (2013, 2014b), the
SEA of the IMF parameters and the SEA of the geomagnetic
indices show typical interplanetary signatures of CIRs. An
increase of Vg and Ty, after the zero epoch time is observed,
which represents the compressed fast stream arrival. Also,
the interaction between the HSS and the slow-speed stream
is evident due to the increase of V, around the zero epoch
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Table 1. HILDCAA events for the year 2003. The HILDCAA events with 4WPCC higher than the 4WPCC annual average are highlighted
in bold.

H Vi — By (%) Vy—By (%) V.- B; (%) | Non-H Vi — By (%) Vy—By (%) V- B (%)
01 88.0 87.5 91.8 | 00-01 72.3 76.1 79.2
02 79.7 87.9 86.0 | 01-02 79.1 81.9 83.6
03 78.6 85.8 91.5 | 02-03 72.1 78.8 715
04 86.8 93.3 94.2 | 03-04 - - -
05 87.7 84.5 91.3 | 04-05 62.5 65.0 70.6
06 80.9 85.1 90.9 | 05-06 81.3 91.8 91.8
07 84.8 90.3 90.4 | 06-07 71.9 77.4 75.5
08 82.2 83.8 81.8 | 07-08 73.6 717 76.9
09 72.9 86.8 85.3 | 08-09 81.4 83.8 89.3
10 88.3 92.3 93.1 | 09-10 64.3 71.6 70.3
11 71.5 89.3 90.6 | 10-11 68.9 72.5 73.7
12 85.5 91.9 93.1 | 11-12 70.5 78.9 79.4
- - - — | 1213 68.4 75.2 75.8
(Avg.) : 82.7 88.2 90.0 | (Avg.): 722 77.6 78.6
Alfv. (%) 91.7 100.0 100.0 | Alfv. (%) 33.3 50.0 416

Table 2. HILDCAA* events for the year 2003. The HILDCAA* events with 4WPCC higher than the 4WPCC annual average are highlighted
in bold.

H* Vx —Bx (%) Vy—By (%) V;—B; (%) ‘ Non-H* Vx —Bx (%) Vy—By (%) V;—B; (%)
01 72.8 78.2 84.6 | 00-01 69.9 73.0 73.8
02 779 87.5 854 | 02-03 83.9 84.0 76.3
03 89.9 92.0 90.7 | 03-04 65.0 66.3 75.0
04 75.2 81.9 82.3 | 04-05 75.8 75.6 85.7
05 88.6 87.9 91.6 | 05-06 69.2 77.7 80.7
06 874 85.6 914 | 06-07 85.1 84.2 86.5
07 81.0 90.8 934 | 07-08 76.0 79.2 81.0
08 75.8 77.1 77.1 | 08-09 84.3 90.9 90.1
09 79.7 87.9 86.0 | 09-10 80.6 80.2 91.6
10 68.8 75.7 76.3 | 10-11 73.5 80.2 77.2
11 83.9 81.2 86.7 | 11-12 75.2 69.5 72.4
12 82.7 894 92.8 | 12-13 59.4 59.5 55.8
13 84.2 86.8 914 | 13-14 63.6 68.4 70.5
14 82.2 88.6 90.5 | 14-15 59.7 66.8 62.2
15 61.3 66.5 60.8 | 15-16 44.6 70.0 62.7
16 78.0 84.2 83.3 | 16-17 76.9 79.6 81.6
17 68.3 71.9 739 | 17-18 57.0 57.9 63.4
18 81.3 90.2 93.4 | 18-19 68.8 71.7 76.4
19 84.9 91.9 89.5 | 19-20 68.0 64.5 69.9
20 85.1 88.4 92.1 | 20-21 66.3 64.1 58.3
21 85.1 87.9 94.1 | 21-22 69.9 71.5 68.3
22 86.2 93.1 92.5 | 22-23 71.0 774 78.0
23 814 92.3 88.7 | 23-24 59.1 67.0 68.1
24 62.3 70.5 72.3 | 24-25 64.7 67.7 70.0
25 71.5 89.3 90.6 | 25-26 66.7 68.3 77.0
26 84.0 90.5 91.9 | 26-27 70.5 78.9 794
27 - - - | 27-28 68.3 743 774
(Avg.) : 79.4 84.9 86.3 ‘ (Avg.) : 69.4 73.1 74.4
Alfv. (%) 85.7 82.1 85.7 ‘ Alfv. (%) 333 40.7 29.6
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Figure 1. From top to bottom, the upper panel shows the time series and the bottom panel shows wavelet scalogram and global normalized
wavelet spectrum of (a) plasma density (Ngw in cm_3), (b) Dst (nT), (¢) AE (nT), (d) solar wind speed (Vsw in km s_l), (e) B; (nT)
component of IMF (GSM coordinates) and (f) IMF magnitude (B, in nT).

time. On the other hand, Ny, Psw, B, and B, present an in- ent time lags, and also, in all these parameters, their increases
crease prior to the zero epoch time, which represents a com- are in the points of largest standard deviation. This fact may
pression of the slow solar wind leading to higher plasma den- be explained by some HILDCAA*/HILDCAA events asso-
sities, pressure and magnetic fields. However, the increase of ciated with weak ring current enhancements (Dst > —50nT)
Nsw, Psw, B, and B; prior to the zero epoch occur at differ- and/or with recovery phases of geomagnetic storms. Similar
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Figure 2. Morlet wavelet coherency scalogram between B; component of IMF and the AE hourly index.
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Figure 3. Daily time series of solar wind speed for 2003 (black line)
and low-pass filter with a cutoff frequency ( f) of 826.72 nHz (red
line).

features were observed by Hajra et al. (2013, 2014b) in the
analysis of HILDCAA events using SEA.

From this point forward, the possibility of HILD-
CAA/HILDCAA* association with the Alfvén waves will
be discussed. Figure 5 shows the 4WPCC between the so-
lar wind velocity z component and the IMF z component
(V; — B;) versus time for the whole year, at Oh lag. The
4WPCC annual mean V, — B; is 79 %, while for the 4WPCC
between the solar wind velocity x component and the IMF
x component (V, — By), and between the solar wind velocity
y component and the IMF y component (V, — B)) they are
73 and 77 %, respectively. The year of 2003 has shown the

Ann. Geophys., 35, 1231-1240, 2017

highest 4WPCC annual mean in the solar cycle 23. This fact
means that there are a great number of Alfvén waves during
this year and, consequently, an enhancement of the number
of HILDCAA events as observed by Hajra et al. (2013) and
Prestes et al. (2017).

For each HILDCAA event, the 4WPCC is calculated, and
these results are shown in the first four columns of Table 1.
The HILDCAA events with 4WPCC higher than the 4WPCC
annual average are highlighted in bold. Only one HILDCAA
event has the cross-correlation lower than the annual aver-
age. This result represents that 97.2 % of the total number of
events have the 4WPCC higher than the annual average, as
show in the last line of Table 1. The same analysis is per-
formed in the periods of non-HILDCAA events, and the re-
sults are shown in the last four columns of Table 1. The num-
ber of intervals with 4WPCC higher than 4WPCC annual av-
erage is ~ 42 %. This percentage is very high considering
that it corresponds to non-HILDCAA events.

Afterwards, we applied the same 4WPCC methodology
previously used in the HILDCAA events to HILDCAAs*.
Therefore, Table 2 is very similar to Table 1 but for the
HILDCAA* events. It can be noticed that ~ 84 % of HILD-
CAA* events have higher 4WPCC values than the average.
And the main result is that the number of non-HILDCAA*
events presents a decrease of 4WPCC values in about ~
34 %.

Moreover, a total of six graphics (not all shown here)
were plotted, each one of them showing the 4WPCC of
Vy — By, Vy — By and V, — B; versus number of HILD-
CAA and/or HILDCAA* events in 2003. Once more, it
can be noticed that the HILDCAA*/HILDCAA events

www.ann-geophys.net/35/1231/2017/
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Figure 5. 4 h windowed Pearson cross-correlation between the solar wind velocity z component and the IMF z component (V, — B;) versus

time for the whole year of 2003, at O h lag.

present higher correlation values than the periods of non-
HILDCAASs*/HILDCAAs. And the decrease of 4WPCC val-
ues in periods of non-HILDCAAs* leads us to suggest that
the HILDCAA* events include a greater number Alfvén
waves than the HILDCAA events, because HILDCAAs dis-
regard part of the phenomenon.

4 Conclusions

The declining phase of the cycle 23, especially the year of
2003, was exceptional in producing intense and continuous
AE geomagnetic activity because there were more than two
corotating streams present in each month as observed here. In
conclusion, the Earth’s magnetosphere was impinged twice
by these streams during each ~ 27-day period, similar to the
results found by Tsurutani et al. (1995) in the declining phase
of the solar cycle 20 (year of 1974). Consequently, a great
number of HILDCAA* events occurred in 2003, and this fact
may be explained by solar energy transfer into the magneto-
sphere by the Alfvén waves. These waves can be generated
by HSSs, which mostly originated from coronal holes.

The following results can be highlighted from the present
study:

— The SEA results confirm that the HILDCAAs* are as-
sociated with HSS/CIR events, and also they present the
same physical characteristics of the traditional HILD-
CAA events as discussed by Prestes et al. (2017).

— The higher 4WPCC values between the solar wind ve-
locity and the IMF component during HILDCAAs*
than during HILDCAA reaffirm that these events in-
clude a greater number of Alfvén waves, once HILD-
CAAs disregard part of the phenomenon.

Ann. Geophys., 35, 1231-1240, 2017

— The high number of HILDCAA* occurrences per month
in 2003 may be caused by Alfvén waves.

These results are encouraging, and they suggest that the
HILDCAAs* may potentially be used as an alternative way
of explaining the Alfvénic effects in the AE index.

Data availability. The dataset used in this paper can be down-
load from WDC-Kyoto and OMNIWeb home pages. The AE and
Dst indices were download from the World Data Center for Geo-
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ACE parameters are available through the National Space Science
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html.
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