Swarm-derived indices of geomagnetic activity

Constantinos Papadimitriou!, Georgios Balasis', Adamantia Zoe Boutsi!, Alexandra
Antonopoulou!, Georgia Moutsiana?, Ioannis A. Daglis?, Omiros Giannakis!, Paola De
Michelis?®, Giuseppe Consolini*, Jesper W. Gjerloev®, and Lorenzo Trenchi®

'National Observatory of Athens

2National and Kapodistrian University of Athens

3Istituto Nazionale di Geofisica e Vulcanologia

4Istituto Nazionale di Astrofisica

°APL-JHU

6Serco for ESA - ESRIN, Directorate of Earth Observation Programmes

November 22, 2022

Abstract

Ground-based indices, such as the Dst, ap and AE, have been used for decades to describe the interplay of the terrestrial
magnetosphere with the solar wind and provide quantifiable indications of the state of geomagnetic activity in general. These
indices have been traditionally derived from ground-based observations from magnetometer stations all around the Earth. In
the last 7 years though, the highly successful satellite mission Swarm has provided the scientific community with an abundance
of high quality magnetic measurements at Low Earth Orbit (LEO), which can be used to produce the space-based counterparts
of these indices, such the Swarm-Dst, Swarm-ap and Swarm-AE indices. In this work, we present the first results from this
endeavour, with comparisons against traditionally used parameters. We postulate on the possible usefulness of these Swarm-
based products for a more accurate monitoring of the dynamics of the magnetosphere and thus, for providing a better diagnosis

of space weather conditions.
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Key Points:
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Abstract

Ground-based indices, such as the Dst, ap and AE, have been used for decades to de-
scribe the interplay of the terrestrial magnetosphere with the solar wind and provide quan-
tifiable indications of the state of geomagnetic activity in general. These indices have
been traditionally derived from ground-based observations from magnetometer stations
all around the Earth. In the last 7 years though, the highly successful satellite mission
Swarm has provided the scientific community with an abundance of high quality mag-
netic measurements at Low Earth Orbit (LEO), which can be used to produce the space-
based counterparts of these indices, such the Swarm-Dst, Swarm-ap and Swarm-AE in-
dices. In this work, we present the first results from this endeavour, with comparisons
against traditionally used parameters. We postulate on the possible usefulness of these
Swarm-based products for a more accurate monitoring of the dynamics of the magne-
tosphere and thus, for providing a better diagnosis of space weather conditions.

Plain Language Summary

Ground-based geomagnetic activity indices, like Dst, ap and AE, have been used
for decades to monitor the dynamics of the Earth’s magnetosphere, and provide infor-
mation on two major types of space weather phenomena, i.e., magnetic storm and mag-
netospheric substorm occurrence and intensity. This study demonstrates how magnetic
field data from a Low Earth Orbit (LEO) satellite mission, like ESA’s Swarm constel-
lation, can be used to derive corresponding space-based geomagnetic activity indices. The
comparison of Swarm-based with ground-based indices shows a very good agreement,
indicating that Swarm magnetic field data can be used to provide new satellite-based
global indices to monitor the level of geomagnetic activity. Given the fact that the of-
ficial AE is constructed by data from 12 ground stations solely in the northern hemisphere
and the official ap from only 2 stations in the southern hemisphere (and 11 in the north-
ern one), it can be said that both of these indices are predominantly northern, while the
Swarm-derived AE and ap indices may be more representative of a global state, since
they are based on measurements from both hemispheres.

1 Introduction

The magnetosphere is a highly complex system of fields and currents that envelop
the Earth and interact with each other producing a wide range of phenomena. One par-
ticular current system that holds special importance is the aptly named ring current. The
ring current is a toroidal electric current flowing around the Earth, formed by the az-
imuthal motion of electrons and ions, extending from 3 to 8 Earth radii on the mange-
tospheric equatorial plane (Daglis et al., 1999). Because of its shape and direction, it forms
its own magnetic field component, with an axis almost parallel to that of the Earths dipole
and the same polarity (southward). A direct consequence of this is that on the surface
of our planet the ring currents induced magnetic field is opposite to the Earth’s mag-
netic field. Thus, in cases where incoming current systems of the solar wind have the ap-
propriate properties to cause particle injection in the inner magnetosphere and enhance
the ring current, the terrestrial field on the surface of the planet will exhibit a decrease
due to the increase of the counteracting ring current field. This is the phenomenon known
as geomagnetic (or simply magnetic) storm, which seriously affects the electromagnetic
environment of the Earth and can cause a wide range of significant effects ranging from
telecommunication issues and satellite failures to the induction of high voltage electri-
cal currents on electrical wires and conducting materials on the surface of the planet (Both-
mer and Daglis, 2007). The monitoring of geomagnetic storms has been traditionally ac-
complished by means of the Disturbance storm-time (Dst) index, which represents the
axially symmetric disturbance of the horizontal component of the magnetic field at the
magnetic equator on the Earth’s surface (Sugiura and Kamei, 1981). As such, it oper-
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ates as a proxy for the enhancement and subsequent weakening of the ring current and
hence the onset and evolution of magnetic storms.

Another group of current systems that cause an array of spectacular phenomena
are the auroral electrojets, which are currents that flow in concentrated channels of high
conductivity in the Earths ionosphere and are carried by particles that generate the au-
roral light, moving both eastward (therefore forming the East ElectroJet EEJ) and west-
ward (therefore forming the West ElectroJet WEJ). Related to these systems are the
disturbances known as magnetospheric substorms (Akasofu, 1964; McPherrron, 1979),
which are collective phenomena, considered as one of the major ways for the discharge
of accumulated energy in the terrestrial magnetosphere (Chian and Kamide, 2007). Dur-
ing the onset of substorm expansion phase, a dynamical process in the near Earth mag-
netosphere causes cross tail current to be diverted into the ionosphere, forming a sub-
storm current wedge consisting of downward (upward) field aligned currents on the dawn-
side (duskside) of the wedge and a westward auroral electrojet in the ionosphere (Kepko
at al., 2015). The Auroral Electrojet index AE (Davis and Sugiura, 1966) actually mea-
sures the intensity of this substorm enhanced westward ionospheric electrojet via its dia-
magnetic result on the horizontal component of the terrestrial magnetic field.

Balasis et al. (2019) recently derived a 1 Hz Swarm Dst-like index based solely on
magnetic data from the Swarm mission. The scientific merit of such a geomagnetic ac-
tivity index relies on its global character (since the three satellites provide a global Earth
coverage both latitudinally and longitudinally), as well as their proximity to the region
of emergence and activity of ionospheric currents. The present work further expands upon
that first effort, by simplifying and at the same time generalizing the approach so that
all three most commonly used indices of geomagnetic activity can be derived, namely
Dst, ap (or Kp) and AE. This article is divided upon 6 sections. Following the Introduc-
tion, Section 2 presents the main steps of analysis and pre-processing of Swarm data that
must be taken before the method is applied, as well as the argumentation on the selec-
tion of an appropriate time interval for the demonstration of the effectiveness of the meth-
ods. Section 3 outlines the new process for the derivation of the Swarm-Dst index and
is complemented by a comparison against the standard Dst index. The same line of think-
ing is followed in Sections 4 and 5, correspondingly for the ap and AE indices, while Sec-
tion 6 summarizes the findings and offers some general remarks on the usefulness of the
method.

2 Data Selection and Pre-processing

Our explorers in this quest for an ever more detailed description of the Earth’s mag-
netic field are the satellites of the Swarm constellation (Friis-Christensen et al., 2006).
Launched on 23 November 2013, the mission is composed of three satellites in polar Low-
Earth Orbit (LEO), with two of them (Swarm-A and Swarm-C) flying side by side at
an initial altitude of 460 km and the third (Swarm-B) flying slightly higher at 510 km.
Carrying highly precise instruments, the mission offers the most up-to-date survey of the
terrestrial magnetic field (De Michelis et al., 2015; Hulot et al., 2015; Olsen et al., 2015),
but also of the general near-Earth electromagnetic environment and its interaction with
the solar wind (Balasis et al., 2015; Olsen et al., 2016; Papadimitriou et al., 2018).

The derivation of the Swarm indices is based on the dataset prepared within the
framework of the INTENS (Characterization of IoNospheric TurbulENce level by Swarm
constellation) project. The dataset was constructed from the Level 1b, MAG_LR prod-
uct of the Swarm mission (https://swarm-diss.eo.esa.int/), which contains among oth-
ers, magnetic field measurements from the Vector Field Magnetometer (VFM) instru-
ment (Tfiner-Clausen et al., 2016) on board the three satellites at a time sampling of 1
second. The magnetic field vector was mapped to Mean Field Aligned (MFA) coordi-
nates, i.e. one component parallel to the mean field B, and two perpendicular com-
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x10° Number of measurements in each MLT bin
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12 18 24
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Figure 1. Number of measurements performed by the Swarm satellites in each MLT bin. Top

panel shows Swarm-A (Swarm-C is identical) and bottom panel Swarm-B.

ponents Bper1 and Bper2 and the static, background field was subtracted by removing
the internal mode of the CHAOS-6 model (Finlay et al., 2016) from the data, which con-
sists of the core and crustal magnetic field contributions of the Earth. Obvious outliers,
i.e. isolated spikes, were removed by applying a simple threshold and as a final step, the
magnitude of the residual vector was computed and saved for further processing.

The time period that we selected for the illustration of the method was the year
of 2015, which is appropriate to test the Swarm indices during both quiet and disturbed
geomagnetic conditions. Indeed, 2015 was characterized by two months of intense ge-
omagnetic activity due to the storms of March 17** and June 23'4, two events that have
been extensively discussed by the scientific community (Liu et al., 2015; Kataoka et al.,
2015; Wang et al., 2016; Wu et al., 2016; Marubashi et al., 2016; Balasis et al., 2018; De
Michelis et al., 2020), as well as a third event of less intensity, yet still an important one,
the storm of the 22" of December. Additionally, several substorms erupted between and
following the storm events, which had shorter duration and thus were interspersed by
several quiet intervals as well. As such, this period provides a blend of both storm and
substorm activity, while also exhibiting intervals of quiescence and is perfectly suited for
modelling all levels of geomagnetic activity.

A duration that is a multiple of a four-month interval is also important for reasons
of geographical coverage, as four months is the time it takes for the orbital plane of the
Swarm satellites to complete a 180° turn, with respect to the Sun-Earth line. Since the
satellites fly one half of their orbit on the day-side and the other half on the night-side,

a 180° rotation provides full local time (LT) coverage. The time spent by the Swarm satel-
lites in each bin of Magnetic Local Time (MLT) is shown in Figure 1 (only one of the
satellites of the lower pair is shown, Swarm-A and not Swarm-C, since their orbits are
almost identical).

3 The Swarm-derived Dst Index

Magnetic storms produce global magnetic disturbances on the Earth’s surface, which
serve as the basis for storm monitoring via the hourly Dst index. It is derived from the
variations of the horizontal component of the terrestrial magnetic field, using data from
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four observatories, positioned at magnetic latitudes ranging from approximately -30° to
+30°.

In order to mirror the behaviour of the ground station data, it is imperative to re-
move measurements that were performed when the satellites were at high latitudes. Thus,
the first step in the process is to discard times where the satellites were above 4+30° or
below -30° in magnetic latitude. At those near-equatorial latitudes, a good proxy for the
horizontal component of the terrestrial magnetic field is the By, so the process con-
tinues keeping only this component and ignoring the others. Then, a non-overlapping,
moving average scheme is applied on the time series, with a window of 60 seconds, so
that the series are now set to a 1-minute time resolution. Up to this point, the analy-
sis was performed separately for each of the satellites Swarm-A and Swarm-B (Swarm-

C yields the same results as A so it was not used). In the next step the two series are
merged, in a joint 1-min resolution dataset, so that if both satellites are concurrently within
the latitude limits their values are averaged, otherwise we keep only the ones from the
satellite that was within the prescribed latitudes. Even so, there are still many cases for
which all satellites are at high latitudes, so these gaps are interpolated by a simple lin-

ear scheme, to produce a complete time series. Then, a low-pass, Chebyshev Type I fil-

ter is used, with a cutoff period of 4 hours, to filter out some of the small perturbations

in the signal that arise from the fast motion of the satellites. Finally, we apply a linear
transform of the form:

Spst = 1.53B¢ + 12.85

where By is the filtered series acquired in the last step, to get the final Swarm-Dst
index Spg. A flowchart of the method, showing the form of the time series at each in-
termediate step described here is shown in Figure 2. A comparison of the final Swarm
index with the traditionally used one is shown in Figure 3, where it is evident how this
method can produce an index that is strikingly similar to the traditionally used one, a
similarity that is justified by a Pearson correlation coefficient (Pearson, 1895) of 0.94 be-
tween the two. It should be noted here that to facilitate comparisons, the SYM-H in-
dex was used instead of the Dst, since it is provided with a 1-minute sampling time, in-
stead of the hourly series of the official Dst index, but the good agreement holds also with
the official Dst, since the two indices are practically identical (Iyemori et al., 2010).

The four parameters of the method are the latitudinal limit, the filtering cutoff and
the two parameters of the linear transform. Even though their choice is intuitive in this
case, a more formal derivation is achieved by following two simple steps. First, many dif-
ferent combinations for the latitudes and filtering cutoff are tested, trying to find the one
that maximizes the correlation with the ground-based index series and secondly, keep-
ing the first two constant, we find the linear transform parameters that minimize the root
mean square error between the filtered series and the standard index.

4 The Swarm-derived ap Index

The geomagnetic three-hourly Kp index was introduced by J. Bartels in 1949 and
is derived from 13 magnetic observatories, 11 of which in the Northern Hemisphere, be-
tween latitudes from +38° up to +60° and 2 in the Southern Hemisphere at latitudes
of -43° and -35° [https://www.gfz-potsdam.de/en/kp-index/]. Tt 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 Earth. The name Kp was derived from the German
words “planetarische Kennziffer meaning “planetary index. The index is quasi-logarithmic
in nature and since this is more difficult to assign to actual magnetic field measurements,
Bartels also proposed a correspondence between Kp values and the more linear ap in-
dex values. Due to this, we will also use the ap index for this study, keeping in mind that
a simple one-to-one relation can map the ap values to Kp and vice-versa.
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Figure 2. Flowchart for the derivation of the Swarm-Dst index. Each of the 3 upper rows in-
cludes distinct panels for Swarm-A (blue) and Swarm-B (red) time series, while each of the next

2 rows shows a single panel of combined Swarm-A and Swarm-B time series.
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Figure 4. Swarm-derived ap index (red) compared to the standard index (black).

201 We repeat the exact same process as above, tweaking the parameters until the best
202 possible outcome emerges. For the Swarm-ap index we use measurements of the mag-
203 nitude of the residual field vector, located in a narrow band between +55° and +60° in

204 the Northern Hemisphere and correspondingly -60° to -55° in the Southern one. The cut-
20 off period is set to 9 hours and the linear transform to Sg, = 0.39B; — 4.29 in order

206 to achieve a maximum correlation coefficient of 0.86. The result is shown in Figure 4.

207 As can be seen the Swarm index closely follows the standard ap index, missing only in

208 absolute magnitude a few of the highest peaks. This hints at the possibility of a non-

200 linear transform which would promote high values more significantly than the lower ones,
210 something which makes sense given the peculiar way with which these indices are pro-

211 duced.
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Figure 5. Swarm-derived AE index (red) compared to the standard AE index (black). Top
panel shows the entire 12 month period from Jan 15 to Dec 315% 2015, while the two bottom
panels show zoomed pictures from the second half of April (bottom left) and first half of May
(bottom right).

5 The Swarm-derived AE Index

The AE index represents the overall activity of the electrojets. The AE index is
derived from geomagnetic variations in the horizontal component observed at selected
observatories along the auroral zone, solely in the Northern Hemisphere, at magnetic lat-
itudes between +60° and +70° [http://wdc.kugi.kyoto-u.ac.jp/aedir/ae2/onAEindex.html].
To mirror this we follow the same process outlined above, again for the magnitude of the
residual field, keeping only measurements between +65° and +75° (and correspondingly
-75° to -65°) in magnetic latitude, filtering with a cutoff period of 2.6 hours and apply-
ing the transform Ssp = 2.2B; — 8.9 to achieve a maximum correlation coefficient of
0.85. As can be seen in Figure 5, while the Swarm index doesn’t match the peaks dur-
ing the intense storm events (again hinting at a possible non-linear relation), it captures
with high accuracy the substorm activity during April and May, highlighted with the
two bottom panels which zoom in two characteristic intervals.

One of the most important benefits of using a satellite observatory is that by slightly
changing the formulation of the method, one can easily produce more localized versions
of these indices. As an example, by imposing the latitudinal limits to only maintain mea-
surements from the north or the south hemisphere, while keeping the rest of the method
unchanged, we can construct the Swarm-AE-North and Swarm-AE-South indices, to com-
plement the full version of Swarm-AE. This is shown in Figure 6, where the full Swarm-
AE index is overplotted by its localized North and South hemisphere counterparts. Even
though the two localized indices agree, in general, with each other, if we draw our at-
tention to specific, small intervals, like the ones depicted on the two bottom subplots of
Figure 6, one can see small, but important differences between the two. This comes as
a verification of recent literature (Liou et al., 2018) in which they report that substorm
onset is far from north-south symmetric, as was previously considered, and that it is more
likely to be initiated in a dark than a sunlit oval. They additionally showed that the pre-
ferred locations of substorm onsets coincide with the local peak of the Earths magnetic
field (or a minimum in the ionospheric conductivity), a finding which is consistent with
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an ionospheric feedback mechanism. Similar asymmetries were also reported by Wey-
gand et al. (2014) based on magnetic field data from ground based observatories.

6 Comparisons against SuperMAG Indices

There has been a huge effort in recent years to complement the traditional indices
of geomagnetic activity with new versions, utilizing data from the immense ground mag-
netometer network SuperMAG. SuperMAG is a worldwide collaboration of organizations
and national agencies which currently operate more than 300 ground-based magnetome-
ters spread across the globe (Gjerloev, 2009). Data from each of these stations are pro-
cessed according to the same guidelines (Gjerloev, 2012) and utilized, according to their
latitudinal location to produce the SuperMAG geomagnetic activity indices: the SMR
index, which is a ring current index, similar to Dst or SYM-H (Newell et al., 2012) and
the SME index, which attempts to capture the auroral electrojet behavior and thus op-
erate in a manner analogous to the AE index (Newell et al., 2011). As a first step to in-
corporate these new indices in our work, we performed two simple comparisons, calcu-
lating the correlation coefficient between the Swarm-Dst and the SuperMAG SMR in-
dex, which yielded a value of 0.95 and also compared Swarm-AE (the full version) against
SuperMAG SME, which gave the result 0.86. Both of these values are slightly higher than
the ones procured by comparisons against the traditional SYM-H and AE indices, which
indicates that the satellite indices are closer to the new indices, which are more detailed
and are being produced by many more observatories than the old ones, although further
work is needed to address these differences properly. That being said, this is a very promis-
ing result that we believe further justifies our approach and opens new avenues for ex-
ploration.

These results, along with all the previous ones, are presented in Table 1, while a
pictorial representation of this comparison is shown in Figure 7.



Table 1. Summary of results

Correlations with ring current indices

Swarm-Dst vs SYM-H 0.94
Swarm-Dst vs SMR 0.95
Correlations with ap index

Swarm-ap vs ap 0.86
Correlations with auroral electrojet indices
Swarm-AE vs AE 0.85
Swarm-AE vs SME 0.86
Swarm-AE-North vs AE 0.81
Swarm-AE-South vs AE 0.77

Ring Current Indices
T

Feb May Jun Jul Aug Sep

Mar Apr

Auroral Electrojet Indices
T T

Feb Mar Apr May Jun Jul Aug Sep Nov
time in 2015
Figure 7. Comparions of SuperMAG indices (with black) SMR (top panel) and SME (bottom

panel) against their Swarm-derived counterparts (with red) for the year 2015.
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7 Discussion and Conclusions

This work shows how the magnetic field data from the Swarm mission can be uti-
lized, by means of a simple and intuitive method to reproduce, with high accuracy, the
three major indices of geomagnetic activity, namely the Dst, ap (or Kp) and AE indices.
The global coverage provided by a constellation of low-Earth orbiting satellites makes
them ideal for encapsulating the entirety of the magnetic field, discerning changes at larger
spatial scales, while their altitude positions them right in the place of the ionospheric
currents which are responsible for many of the effects that comprise our notion of space
weather. We note that the Swarm AE-like index could, in principle, be more represen-
tative of a global state, since it is based on measurements from both hemispheres, while
the ground-based one is computed from measurements in the Northern Hemisphere only.

Additionally, since the satellites remain at fairly constant LTs for several weeks,
their data can further promote recent research on regional indices of electrojet or ring
current activity, such as the regional versions of SME and SMR indices (Bergin et al.,
2020). As such, satellite magnetic observatories can complement their ground-based coun-
terparts, providing new insights into the state of the magnetosphere and new promise
for more accurate diagnosis of space weather conditions.
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