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Abstract: We analyze the auroral boundary corrected geomagnetic latitude provided by the Auroral
Boundary Index (ABI) database to estimate long-term changes of core origin in the area enclosed
by this boundary during 1983-2016. We design a four-step filtering process to minimize the solar
contribution to the auroral boundary temporal variation for the northern and southern hemispheres.
This process includes filtering geomagnetic and solar activity effects, removal of high-frequency
signal, and additional removal of a ~20-30-year dominant solar periodicity. Comparison of our
results with the secular change of auroral plus polar cap areas obtained using a simple model
of the magnetosphere and a geomagnetic core field model reveals a decent agreement, with area
increase/decrease in the southern/northern hemisphere respectively for both observations and
model. This encouraging agreement provides observational evidence for the surprising recent
decrease of the auroral zone area.

Keywords: auroral ovals; geomagnetic field; auroral boundary index; secular variation

1. Introduction

Auroral oval regions, where charged particles accelerate along magnetic field lines
from the magnetosphere down to the upper atmosphere [1,2], are of special interest to
space weather due to the broad consequences of particle precipitation on technological
systems. Solar events disturb terrestrial communications and geo-spatial positioning
systems, cause satellite equipment degradation, and induce electric currents that may affect
electric systems in highly populated areas [3-8]. Temporal changes in the auroral oval size
modify the magnetosphere electric system; hence, there is a need to be prepared for the
societal consequences of these variations as space weather might become more severe.

The auroral oval boundary is almost a circle whose center can be reasonably approxi-
mated by the eccentric geomagnetic dipole [9-11]. Hence, in such geomagnetic coordinates,
the boundary latitude is nearly longitudinally invariant. Auroral boundaries depend
directly on the Earth’s magnetosphere morphology, which depends on the geomagnetic
field and solar wind conditions. The auroral oval size has an empirical correlation with the
intensity of the simultaneous geomagnetic storm [12-14]. While the sun induces short-term
variability, both core and solar origin magnetic forcings present additional long-term tem-
poral changes, leading to secular variation of the auroral oval areas. This secular variation
may lead to the secular variation of the auroral frequency at mid latitudes [15-17].
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Since the advent of geomagnetic intensity measurements about 180 years ago (for a
historical note, see [18]), the secular variation of the geomagnetic field is characterized
by a rapid dipole moment decrease (e.g., [4,19-21]). Under the self-similarity hypoth-
esis for a pure dipole magnetic field and a steady solar wind under quiet conditions,
which is reasonable for a long-term average condition, polar cap boundary latitude, Ap,
scaling laws imply a variation in terms of the Earth’s dipole moment, M, according to
cos(Ap)ex(1/ M)1/6 [22-24]. This means that for the present-day decreasing M, A, is expected
to drift to lower latitudes with a consequent increase in the enclosed polar cap area for both
hemispheres; moreover, since A, delineates the auroral oval inner boundary, area increase
is also expected for the auroral oval. Indeed, the temporal changes of the polar cap and
auroral oval areas are highly correlated [11,25].

However, Zossi et al. [11], using a model of the magnetosphere under steady interplan-
etary conditions and the IGRF-12 model [26] for the geomagnetic field, recently found that
the secular variations of the northern polar cap and auroral oval areas disagree with these
scaling laws, presenting a surprising decrease since 1940. In addition, even the increasing
areas in the northern hemisphere prior to 1940 and in the southern hemisphere throughout
the entire investigated period occurred at faster rates than those expected from the scaling
law, indicating an impact of regional non-dipole geomagnetic field features on polar cap
and auroral oval areas [11]. In an attempt to corroborate the modeled decreasing trend
in the northern auroral oval area, and more generally to determine the observed rates
in both hemispheres, we analyze here the auroral boundary corrected geomagnetic lati-
tude provided by the Auroral Boundary Index (ABI) database [27-29], as an experimental
measurement.

Solar and geomagnetic activities present long-term trends that may affect auroral
ovals, including a longer time scale than the well-known quasi-decadal solar activity cy-
cle [15,16,30]. Solar activity is the source of geomagnetic disturbances and gives rise to
geomagnetic activity [31]. The latter results from the interaction between the solar activity
(solar wind, heliospheric magnetic field) and the magnetosphere, producing several exter-
nal current systems. In long-term periods, these two activities cannot be distinguished [32].
On decadal timescales, however, they might differ. Solar and geomagnetic activities lead to
magnetic storms that may affect auroral ovals and many other magnetospheric features [33].
Classic indicators of solar activity are the sunspot number, Rz, and the 10.7 cm solar flux,
F10.7; and those of geomagnetic activity are the indices termed Kp, Ap, aa, and Dst, which
we define below. Both indices types differ on short timescales (less than 10 years) but
resemble on increasing timescales, like the ~90-year Gleissberg cycle [34,35].

Since auroral ovals are strongly affected especially by geomagnetic activity [12,14],
this effect should be filtered out to detect trends due to any other forcing. At the same
time, a filtering process can generate ‘spurious’ trends, or variations, which might lead
to erroneous conclusions [36]; since the long-term variation expected as a consequence
of the geomagnetic core field secular variation is relatively small, these spurious effects
might hinder the true variations. In this work, four successive filtering steps are applied to
the auroral boundary data to minimize geomagnetic activity and solar activity effects and
obtain its long-term variation, which originates from the geomagnetic core field secular
variation.

2. Data Set and Auroral Area Calculation

In order to infer long-term variations in auroral oval boundaries and corresponding
areas, we used the auroral boundary corrected geomagnetic latitude (from hereafter AB)
provided by the Auroral Boundary Index (ABI) database [26-28], available for the period
1983-2016. To attribute these variations to a certain source, other sources of variations must
be identified and filtered. In the case of auroral ovals, geomagnetic and solar activities that
affect their variability are filtered. Remaining long-term variations are interpreted in terms
of the geomagnetic core field secular variation. The data used is described below.
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The AB, in units of degrees (°) is a derived quantity from measurements of the
precipitating energetic particle spectrometer known as Special Sensor | (SSJ) carried by the
Defense Meteorological Satellite Program (DMSP) spacecraft. As such, it is an estimate of
the geomagnetic latitude position of the equatorward boundary of precipitating auroral
electrons as determined by the SSJ/4 (FO6 through F15) and SSJ/5 (F16 and beyond) (see
details in [26-28,37,38]). Descriptions of the detector and the calibration of the instruments
are given by Schumaker et al. [39].

AB data are available in yearly files at the CEDAR Madrigal Archive at http://cedar.
openmadrigal.org, with a frequency of 2 to 4 data per hour. Each AB value has a quality
control (QC) flag that is an integer from 1 to 3 (best = 1, good = 2, not good = 3). Each
QC value characterizes about 1/3 of the total observed equatorward boundaries. There is
also a “pseudo” Kp (pKp) estimate for each AB datum. Even though its numerical scale
is almost continuous and with a different time spacing, considering QC =1 and 2, pKp
is highly similar to the usual Kp index whose scale is 0, 0+, 1—, 1, ..., with 8 values per
day. The Kp index is a three-hourly planetary index derived from the standardized K
index of 13 magnetic observatories located between 44° and 60° northern and southern
geomagnetic latitudes. It is designed to measure solar particle radiation by its magnetic
effects, and today it is considered a proxy for the energy input from the solar wind to
the Earth. In addition to geomagnetic latitude, each yearly AB data file also provides the
corresponding geomagnetic longitude and geographic coordinates (where for the latter, the
z-axis is parallel to the Earth’s rotation axis and the x-axis points towards the intersection
of the Equator and the Greenwich Meridian). Geomagnetic coordinates given in AB data
files are corrected geomagnetic coordinates (CGM), which, by definition, are computed by
tracing an IGRF magnetic field line through a specified point (latitude, longitude, altitude)
to the dipole geomagnetic equator, then returning to the same altitude along the dipole
field line and assigning the obtained dipole latitude and longitude as the CGM coordinates
to the previously specified point [40]. As an example of the original data used in this
work, the complete AB data series that is considering data with all QC and Kp values for
1990 are shown in Figure 1 in terms of geographic and geomagnetic corrected coordinates
for the northern and southern hemispheres (which amount to 20,518 and 15,052 data
points, for each hemisphere, respectively). Additionally, the data with QC =1 and 2, and
0 < Kp < 2 (which amount to 5279 and 2832 data points, for each hemisphere, respectively),
are also shown.

The complete database we use, which results from concatenating the original yearly
files from 1983 to 2016, has 1,676,550 AB data points. Figure 2 shows the number of data
values per year, ranging between 16,460 and 75,210, with a mean of 49,310. The database
contains a small number of erroneous measurements, pointed in the data list as negative
pKp or pKp larger than 9, out of Kp scale, so we remove them. These points correspond
to ~0.6% (9511) and 0.01% (114), respectively, of the data amount. Next, northern and
southern hemisphere data were split into two series with 793,522 and 873,403 data points,
respectively. Data with QC = 3 were also eliminated, leaving two time series of 471,740
and 651,933 data points each, containing northern and southern AB, respectively, with
positive pKp values and QC =1 and 2. In the southern hemisphere, there is a notch of
missing data between —10° and 50° geomagnetic longitudes, as shown in Figure 1d. We
eliminated this longitudinal band from the data, leaving the southern hemisphere with
432,968 data points.
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Figure 1. Auroral boundary for the northern (a,b) and southern (c,d) hemispheres in geographic (a,c) and geomagnetic
corrected coordinates (b,d) for 1990 considering the dataset with QC =1 and 2 and 0 < Kp < 2 (blue dots); and QC =1, 2,
and 3 and all Kp values (blue + red dots).
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Figure 2. Number of Auroral Boundary (AB) data values per year in the original ABI data files
available in yearly ascii files at the CEDAR Madrigal Archive at http://cedar.openmadrigal.org
(accessed on 17 April 2020).
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The area encircled by the equatorward auroral boundary, A, which includes the auroral
oval plus the polar cap, can be readily estimated from AB. Considering that the auroral
equatorward boundary is nearly circular when drawn in CGM for all levels of auroral
activity (Madden and Gussenhoven, 1990), the formula of a spherical cap area centered at
the geomagnetic pole and limited by the geomagnetic latitude delineated by AB is

A = 271R% [1 — sin(AB)] (1)

This formula is not adequate if geographic coordinates are considered because the
geographic latitude of the auroral equatorward boundary varies with longitude, as can
be seen in Figure 1a,c. In addition, the oval shape of auroral boundaries in geographic
coordinates (especially in the northern hemisphere) turns into circular in CGM.

For each AB data, we interpolated the original Kp index extracted from NASA /GSFC'’s
OMNI data set through OMNIWeb. In this Kp series, which, as already mentioned, has 8
data per day, the scale 0, 0+,1—,1, 1+,2—, 2, ..., 9is replaced by 0,0.3,0.7,1,1.3,1.7, 2, ..., 9.

3. AB Filtering

Our proposed method to extract changes that originate from the geomagnetic secular
variation of the core field consists of four successive steps:

1.  Filtering of geomagnetic activity.

2. Filtering of solar activity.

3. Removal of remaining high-frequency signal by a low-order polynomial fit.
4.  Removal of a dominant solar periodicity by a fit of an oscillatory function.

In the first step, we filter geomagnetic activity from the original data series. We present
two different types of filters encompassing four eventual proposed filters. The linear
correlation coefficient between AB and Kp, considering the raw data, is greater than 0.6. We
then selected AB by classifying the data according to Kp values in the following intervals:
0<Kp <2,2<Kp <4, and 4 < Kp < 6. Annual means are then assessed for each case.

We also filter the Kp effect from AB using the complete data set by calculating the
residuals from a linear fit between AB and Kp, that is

AAB = AB — (aKp +b) ©)

where a and b are linear regression coefficients between AB and Kp. The effect of the
magnetic local time contributes to a large data dispersion, as can be seen in Figure 3a that
shows AB vs. Kp for the northern hemisphere as an example. This data dispersion is
significantly reduced by considering daily means, as shown in Figure 3b, leading to a linear
correlation coefficient between AB and Kp greater than 0.9 for both hemispheres. The red
line corresponds to the linear fit, and the departure of AB from this line corresponds to
AAB of Equation (2), i.e., the filtered series.

In the second step, we filter solar activity. This additional source is expected to produce
the same effect at both hemispheres: higher solar activity levels are associated with stronger
and more frequent geomagnetic storms, implying larger polar caps and auroral ovals in
both hemispheres, whereas lower solar activity has the opposite effect. Figure 4 shows
the solar activity indicator Rz 11-year running mean, Rz;;, which reaches only until 2015
due to the 11-year average process that cuts the last five years at each end of the original
series [41,42]. It clearly shows the already mentioned Gleissberg cycle, which is a solar
secular variation. A clear long-term decrease in solar activity during the studied period
1983-2015 (enclosed by the red dashed vertical lines) can be noticed in this figure.
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Figure 3. AB in degrees (°) vs. Kp for the northern hemisphere for data with QC =1 & 2 during the period 1983-2016
considering the original data (a) and the daily means (b). The linear fit for the daily means (b) is in red.
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Figure 4. Sunspot number, Rz, 11-year running mean. Years 1983 and 2016 are indicated as vertical
dashed red lines. Data obtained from WDC-SILSO, Royal Observatory of Belgium, Brussels (http:
//www.sidc.be/silso/datafiles, accessed on 17 April 2020).

We filter this secular trend of solar origin from filtered AB and A annual series through
the residuals of a linear fit between each filtered series and Rz 11-year running mean series,
that is

A(AAB) = AAB — (a Rz11 + B) (©)]

where we use double A to emphasize the second filtering.

In the third step, remaining high frequency (typical periods of less than five years)
variations in the double-filtered time series of AB, which are unlikely to originate from the
slowly varying Earth’s core field, were filtered by a 4th-order polynomial fit. The long-term
variation of A is obtained directly in the first three filtered AB series (i.e., the three Kp
ranges) of each hemisphere using Equation (1) to convert filtered AB to filtered A. In the
fourth filtered AB series (i.e., the Kp linear residuals) of each hemisphere, it is necessary to
convert AB to A before the filtering process and then proceed with the filtering considering
A instead of AB.

Finally, we will show that there remains a dominant 20-30-year period even after
these three steps. This signal may correspond to the ~22-year solar magnetic cycle [43,44],
i.e., each quasi-decadal cycle of solar activity has opposed magnetic polarity. However, this
periodicity is not regular, alternating between long and short cycles as described by the
so-called Gnevyshev-Ohl rule of sunspot number cycles [45,46]. In addition, it has been
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shown by some authors that geomagnetic activity also presents a ~30-year cycle [47,48]. To
remove this dominant external signal, in our fourth step, we estimated the residuals between
the 4th-order polynomial of each A(AA) series and a fit with a single frequency of the form

a+ b sin(wt) + ¢ cos(wt) (4)

where the fitting parameters are the mean level g, the amplitudes b and ¢, and the frequency
w. The obtained fitted periodicity indeed corresponds to a ~20-30-year period oscillation.

4. Results

Annual means of the four AB and A filtered series are plotted in Figures 5 and 6 for the
northern and southern hemispheres, respectively. The amplitudes in Figures 5a—c and 6a—c,
which correspond to AB data separated for Kp in the ranges 0-2, 24, and 4-6, show clearly
how, on average, AB value decreases with Kp index. This is consistent with a remarkable
shift of the auroral outer boundary towards lower latitudes with increasing geomagnetic
activity (as measured by the increase in Kp index)—the auroral zone plus polar cap areas
with Kp in the range 4-6 (Figures 5c and 6c) are about ~50% larger than those with the
range 0-2 (Figures 5a and 6a). In contrast, the temporal trends of AB are similar in all cases
for the northern hemisphere, exhibiting a long-term increase with some flattening towards
the present (Figure 5). The same applies to A, for which its behavior was almost identical to
AB, but inverse. In the southern hemisphere (Figure 6), AB long-term decrease was much
less steep, or even null, with stronger relative interannual variability in almost all cases.
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Figure 5. Northern hemisphere filtered AB (°) time variation considering data with QC = 1 and 2 (solid lines) and

corresponding auroral outer boundary enclosed area A (km?) (dashed lines) using the following filters for AB and A: data

for 0 <Kp <2 (a),2 <Kp <4 (b), 4 <Kp <6 (c), and annual means of residuals from the linear regression with Kp (d).

Note the different scales.
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Figure 6. As in Figure 5 for the Southern hemisphere.

Next, the long-term variation of solar activity was accounted for. We applied a second
filter to the AB and A filtered series shown in Figures 5 and 6 based on the long-term
variation of solar activity (Equation (3)). The resulting impact of this second filter, shown in
Figures 7 and 8 (black lines), is significant. The decreasing areas with time in the northern
hemisphere (Figure 5) and the interannual variability in the southern hemisphere (Figure 6)
after the first filter both turn to multi-decadal oscillatory trends in Figures 7 and 8.

The third step consists of filtering the remaining high-frequency signal. This is applied
by a 4th-order polynomial fit to the double-filtered time series, shown as red lines in
Figures 7 and 8 for A of each hemisphere. The order 4 truncation of the polynomial fit
was chosen because the misfit is asymptotic for higher orders (5 and 6). Adding further
terms (7 and 8) revealed the high-frequency signal that is unlikely to originate from the
core field. In general, the fit in the northern hemisphere (Figure 7) is better than in the
southern (Figure 8).

Finally, the dominant ~20 to ~30-year periodicity, which can be clearly noticed in
Figures 7 and 8, is filtered using a single periodicity fit (Equation (4)). The obtained
periodicities vary between 26 and 29 years in the northern hemisphere fits, being 29.2,
28.6,25.9, and 27.3 years in each case considered, thatis A for 0 < Kp <2, for 2 < Kp <4,
for 4 < Kp < 6, and A residuals from the linear regression with Kp, respectively. In the
southern case, these periodicities vary between 17 and 20 years, being 17.6, 18.3, 20.2, and
17.7 for the respective cases.



Geosciences 2021, 11, 351

9of 14

Double filtered Area (North) [km2]

Double filtered Area (North) [kmz]

After removing the dominant oscillatory term, we obtain our final results for the
auroral oval area estimates of geomagnetic core field origin. These time series are then
compared with the model results of Zossi et al. [11]. Figure 9 shows the modeled areas
of Zossi et al. [11] separately for the northern and southern hemispheres and superposed
the long-term variation of A inferred from observed AB. The area mean value estimated
from the modelled area for the period 1983-2015 was added to each of the latter series.
The different observation-based time series exhibit similar temporal variability. In the
northern hemisphere, the estimates based on low range Kp values (magenta and red lines
in Figure 9a) are in better agreement with the model-based time series (thick black line in
Figure 9a) than the other two estimates. In the southern hemisphere, the amplitudes of two
of the observation-based time series are smaller hence closer to the modeled curve (red and
green lines in Figure 9b) while one time series is somewhat off-phase with the others (blue
line in Figure 9b).
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Figure 7. Northern hemisphere auroral outer boundary enclosed area A (km?) time variation considering AB data with
QC =1 and 2 after filtering secular solar activity variation (black lines), and 4th-order polynomial fits (red lines), from the
following filtered data series: AB data converted to A for 0 < Kp <2 (a), 2 <Kp < 4 (b), 4 <Kp < 6 (c), annual means of AB
converted to A residuals from the linear regression with Kp (d). Note the different scales.
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Apart from the severe edge effects due to the Gibbs phenomenon for Fourier-like
fits, the long-term trends in the observed northern and southern hemispheres A series
are in decent agreement with the model of Zossi et al. [11] for the analyzed period. In
both hemispheres, the trends of the temporal variability are in agreement between the
observations and the models, i.e., increase in the south (as expected for a geomagnetic
dipole decrease) and somewhat surprisingly decrease in the north. The corresponding
observed vs. modeled rates are also roughly comparable in each hemisphere. Finally,
despite all our filtering efforts, some oscillatory variability appears in the observed signal
which is absent in the modeled area. We will discuss below two main possible causes for
this discrepancy.

5. Discussion

In this paper we have undertaken the challenging task of isolating a low amplitude
signal from an observed time series. The contributions from the sun obscure the slow-
varying, low-amplitude geomagnetic core field contribution to auroral zone areas. Indeed,
based on the high correlation coefficient between daily AB and Kp, the solar origin forcing
determines more than 80% of the variability of AB. In addition, the solar forcing presents
not only high-frequency variations but also long-term cycles as well which require much
longer time series to be adequately filtered. Overall, this task requires a careful filtering
process.

The ability to separate the secular variation in a data series into two different indepen-
dent sources, internal and external, depends on the relative sizes of each source and on the
phase difference between them. If one source produces a significantly weaker signal, it is
more difficult to isolate it. In-phase sources cannot be distinguished. To make progress,
some knowledge of the underlying physics of each source, e.g., the solar Gleissberg cycle,
may allow to separate them. Thus, apart from additional observations, theoretical esti-
mates of the size and phase of AB variation due to the internal geomagnetic field source
exclusively may improve the recovery of the modeled trend obtained by Zossi et al. [11].

One step of our procedure involves filtering the dominant 20 to 30-year oscillation
attributed to external sources. Although the 11-year oscillation has a larger amplitude, it is
removed by the Kp filtering. A combination of a long-term internal secular variation and
an external inter-decadal oscillation was also proposed to main field models [49] and their
dipole component [50]. The difference is that the main field model (e.g., gufm1 of Jackson
et al. [51]) is designed to capture the core field and, as such, is dominantly internal with a
very small external residual. In contrast, the AB signal is dominantly external with a small
internal part which we attempt to extract.

Any signal can be generically decomposed into oscillatory and non-oscillatory parts.
The most naive assumption for the non-oscillatory part is linear. A Fourier series commonly
expresses the oscillatory part. In our case, a Fourier series is not applicable because the
period of available data is comparable to the dominant periodicity, i.e., the data period is
too short. Instead, we fit and remove a single oscillation of a particular periodicity that is
well-known to originate from the sun.

Our main results inferred from the AB observations are in decent agreement with
Zossi et al. [11] results based on a geomagnetic core field model. We recover the overall
decreasing/increasing trends in the northern/southern hemispheres, respectively, with
roughly correct rates. In particular, this encouraging agreement provides observational
evidence for the surprising recent decrease of the northern auroral zone area. Furthermore,
because Zossi et al. [11] interpreted the secular variation of the auroral zone areas in terms
of non-dipole field changes, the agreement indicates that the AB data is also affected by the
non-dipole field.

It is important to note that among the 13 sites used to derive the Kp index, 11 belong to
the northern hemisphere while only two are in the southern (Australia and New Zealand).
Even though the correlations between Kp and AB are very similar in both hemispheres,
this might contribute to some discrepancies between the south and the north.
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Despite our laborious filtering process, our estimated secular variation of auroral zone
plus polar cap areas presents a high-frequency variation (Figure 9) which is absent in the
modeled area time variation of Zossi et al. [11]. We envision two possible reasons for this
discrepancy. First, the over-simplified magnetopause model of Zossi et al. [11] biases the
auroral zone areas. Alternatively, because our filtering scheme is imperfect, some solar
signal remains. Calculation of auroral zone areas with self-consistent MHD simulations
may shed light on the possibility of such high-frequency core-driven oscillations.
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