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Abstract

The Antarctic and Arctic regions are Earth’s open windows to outer space. They provide
unique opportunities for investigating the troposphere—thermosphere—ionosphere—plasma-
sphere system at high latitudes, which is not as well understood as the mid- and low-lati-
tude regions mainly due to the paucity of experimental observations. In addition, different
neutral and ionised atmospheric layers at high latitudes are much more variable compared
to lower latitudes, and their variability is due to mechanisms not yet fully understood. For-
tunately, in this new millennium the observing infrastructure in Antarctica and the Arctic
has been growing, thus providing scientists with new opportunities to advance our knowl-
edge on the polar atmosphere and geospace. This review shows that it is of paramount
importance to perform integrated, multi-disciplinary research, making use of long-term
multi-instrument observations combined with ad hoc measurement campaigns to improve
our capability of investigating atmospheric dynamics in the polar regions from the tropo-
sphere up to the plasmasphere, as well as the coupling between atmospheric layers. Start-
ing from the state of the art of understanding the polar atmosphere, our survey outlines
the roadmap for enhancing scientific investigation of its physical mechanisms and dynam-
ics through the full exploitation of the available infrastructures for radio-based environ-
mental monitoring.

Keywords Antarctica - Arctic - Ionosphere - Atmosphere - Multi-instrument monitoring -
Radio-based monitoring

Article Highlights

e The polar regions are open windows to outer space, providing unique observations of
geospace, and of the ionized and neutral atmosphere

e Many instruments and a multidisciplinary approach are crucial for making improve-
ments in our observing and modelling capabilities

e The full exploitation of recent research infrastructures and an identification of common
actions will address important scientific questions
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1 Introduction

The polar regions are natural laboratories that provide the opportunity to carry out scientific
observations and experiments that cannot be performed elsewhere. The Arctic and Antarc-
tica are preferred sites for investigating the physics of solar—terrestrial interaction and the
atmosphere because the atmosphere at the polar regions is open to the direct entrance of
solar particles and has been demonstrated to be highly sensitive to anthropogenic as well
as natural causes of global climate change. These exceptional peculiarities pertain to both
polar regions. Among the six priorities for Antarctic science described by Kennicut et al.
(2014), two are related to the atmosphere and the geospace, namely to “define the global
reach of the Antarctic atmosphere and the Southern Ocean” and to “observe space and the
universe”. Moreover, for what concerns the Arctic, both the atmosphere and geospace offer
valid contributions to the understanding of the science of climate change, being a pillar of
the European Arctic policy (https://eeas.europa.eu/arctic-policy/eu-arctic-policy_en).
Cooperation and teamwork are the common threads of all international efforts dedi-
cated to facilitate scientific research in the polar regions while at the same time keeping
the operations sustainable with due consideration of the fragile nature of polar environ-
ment. Indeed, all the nations that are interested in operating on the Antarctic continent
must comply with the Antarctic Treaty (https://ats.ag/documents/keydocs/vol_1/voll_2_
AT_Antarctic_Treaty_e.pdf), which regulates the types of activities that can be carried out.
The treaty conception lies in curbing the race to conquer and profit in any form from a still
inviolate land. Instead, the treaty supports the performance of peaceful scientific experi-
ments, stimulating collaboration among the nations, aimed at sharing efforts and scientific
discoveries for the benefit of humanity. Since the discovery of the Arctic and of Antarctica,
a large number of scientists have spent their lives to advance the knowledge of peculiar
phenomena occurring uniquely in the polar regions, such as the aurorae. The collaborative
investigations conducted during the International Polar Years (IPY) held in 1882-1883,
1932-1933, 1957-1958, and 2007-2009 united thousands of scientists from all over the
world around a broad variety of disciplines, from physics to social sciences. The IPY pro-
grammes have significantly facilitated data and infrastructures sharing, favouring the estab-
lishment of common platforms that, in recent years, developed into e-platforms (such as
databases, repositories, and access portals). Under the IPY programmes, the physics of
the atmosphere and the solar—terrestrial interactions were among the high priority fields
of study, and during IPY 2007-2009 the ICESTAR (Interhemispheric Conjugacy Effects
in Solar-Terrestrial and Aeronomy Research) Scientific Research Program, endorsed by
the Scientific Committee on Antarctic Research (SCAR, https://scar.org/), highlighted the
advantages of the interhemispheric approach for a better understanding of the polar atmos-
phere (Alfonsi et al. 2008a). Since then, the research on the solar—terrestrial interaction and
the atmosphere proceeded with a more pronounced global view, looking at the connections
between the poles (see, e.g. Feng et al. 2020; Jin and Xiong 2020; Kim 2021; Reidy et al.
2018; Smith et al. 2020; Swarnalingam et al. 2022), as in the case of the SCAR Expert
Group GRAPE (GNSS Research and Application for Polar Environment, http://grape.scar.
org/). Thanks to the collaborations matured within GRAPE and extended to closely related
fields of expertise, we are now able to gather contributions from a significant part of the
scientific community to deal with the physics of the lower and upper atmosphere in the
polar regions and to critically review the current capabilities. Our survey moves from a
recent white paper (Bergeot et al. 2020) to a broad overview representative of the inter-
national efforts dedicated to optimise and maximise what can be gained by the scientific
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community in the framework of geospace and of atmospheric research in the polar regions.
This review aims to identify gaps in the knowledge to stimulate further collaborations
among individuals and institutions and encourage the synergism of polar researcher efforts.
The final goal is to inform and inspire the next generation of polar scientists.

Section 1 of this paper surveys the polar research infrastructures. Section 2 analyses
scientific contributions of long-term (years) continuous data series covering solar cycles 23
and 24. Section 3 focuses on case studies and main findings of selected events occurring
during solar cycles 23 and 24. Sections 2 and 3 also include original results to support and
integrate past achievements published in the open literature. The paper closes with a sum-
mary of the capacities gained to date and presents a gap analysis to highlight what is still
missing in order to draw a possible roadmap for pursuing polar geospace and atmospheric
research.

2 Infrastructure at Polar Latitudes

The International Geophysical year 1957-1958 (IGY, Chapman 1959), the International
Polar Year 2007-2008 (IPY, Krupnik et al. 2011), and International Heliophysical Year
2007 (IHY, Davila et al. 2006) left an important heritage in terms of network instrumen-
tation, data sharing, expertise exchange, and increasing awareness of the current scien-
tific capabilities. This led to an increasing interest in ground networks of GNSS (Global
Navigation Satellite Systems) stations (e.g. POLENET, IGS Wilson et al. 2008; Dow et al.
2009; Jiao and Morton 2015), ionosondes and digisondes (e.g. GIRO, Reinisch and Galkin
2011), HF (High Frequency) backscatter radars (e.g. SuperDARN, Greenwald et al. 1995;
Chisham et al. 2007, Nishithani et al. 2019), Ultra-High or Very High Frequency (UHF,
VHF) incoherent scatter radars (e.g. EISCAT, Rishbeth and Williams 1985; RISR, Gil-
lies et al. 2016; EISCAT_3D), Very Low Frequency (VLF) radio receivers (Thomson et al.
2007), auroral imagers with all-sky, medium or narrow fields of view (e.g. MIRACLE,
ALIS, Brindstrom et al. 1999; Briandstrom 2003, etc.), and magnetometers (INTERMA-
GNET and SuperMAG, Gjerloev 2009; Love and Chulliat; 2013). The number of iono-
spheric scintillation monitors receivers (ISMRs) (e.g. EDAS, Peng and Morton, 2013),
VLF antennas (e.g. AWDAnet, Lichtenberger et al. 2008), High-Power Large Aperture
(HPLA) radars, and microwave humidity sounders are growing through both national and
international initiatives, and existing instrumentation is also being replaced or upgraded.
One such major replacement is EISCAT_3D, which is planned to become operational dur-
ing 2023. In this section, we describe the current state of the research infrastructures/net-
works (Fig. 1) that are used to study the geospace environment and the atmospheric neutral
components at high latitudes.

2.1 GNSS for Atmospheric Monitoring

GNSS networks are widely used for atmospheric research purposes. Using multi-frequency
receivers, tropospheric water vapour, also called precipitable water (PW), and ionosphere-
plasmasphere parameters (e.g. Total Electron Content, TEC, and ionospheric scintillation)
can be retrieved (e.g. Pezzopane et al. 2019). Several GNSS networks are now available
over polar regions. The networks have grown since the beginning of the twenty-first cen-
tury thanks to the IPY 2007-2008. Presently, many Antarctic and Arctic GNSS stations
form part of a multinational consortium called POLENET (http://polenet.org/), which
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Research infrastructures in polar regions.
B GNSS stations
@ Scintillation receivers
A Magnetometers
@ Ionosondes
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@ HPLA radar
© All-sky Camera
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Fig. 1 Scientific instrumentation infrastructure in Antarctica and Arctic regions (selected established sta-
tions to indicate the coverage of measurements)

delivers long-term and campaign data. Other important networks include the International
GNSS Service (IGS) network (Dow et al. 2009) and UNAVCO network (https://www.
unavco.org/data/gps-gnss/gps-gnss.html) that are dedicated to geodesy purposes.

The exploitation of GNSS signals for ionospheric monitoring opens a new area and
facilitates the study of ionospheric scintillation. Several manufacturers produced iono-
spheric TEC and scintillation monitor receivers for scientific uses, e.g. Novatel GPStation6,
Septentrio PolaRx5S. These ISMRs provide ionospheric scintillation indices (originally
defined using single-frequency receiver by Van Dierendonck et al. 1993), as measured by
dual (GSV4004) or multi-frequency (Septentrio PolaRxS) high rate (50 Hz) receivers as
well as conventional geodetic data in the standard RINEX format. Among the retrieved
parameters, the most used are the phase scintillation index (c4) and the amplitude scintilla-
tion index (S4), provided by the receivers’ firmware over different time intervals (1, 3, 10,
30, 60 s) but usually taken over 1 min, the slant and the vertical uncalibrated TEC (sTEC
and vTEC, respectively), calculated every 15 s, and the Relative TEC (ROT) calculated
every 15 s.

To our knowledge, the first ISMRs were installed in 2001 in northern Europe by the
Institute of Engineering Surveying and Space Geodesy (IESSG) of the University of Not-
tingham. Their network covered the region from 53° N to 70° N (Aquino et al. 2005). The
longest data series of the same type at high latitudes have been collected by INGV through
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receivers deployed in the Arctic (Ny-Alesund and Longyearbyen, Svalbard) and Antarc-
tica (Mario Zucchelli station, Concordia station, and SANAE station) that started their
operations in 2003 and are still working (De Franceschi et al. 2006, 2019). In Canada,
the Canadian Geodetic Survey of Natural Resources Canada provides regional and global
TEC maps and monitors ionospheric GNSS phase irregularities using real-time IGS high
rate network (Ghoddousi-Fard 2011, 2014), also the CHAIN (Canadian High Arctic Iono-
spheric Network) at the University of New Brunswick has been delivering TEC and scintil-
lations parameters since 2008 (Jayachandran et al. 2009).

Another approach to study the GNSS signals is by the reconfigurable software-defined
radios (SDR). For example, the Satellite Navigation and Sensing (SeNSe) Lab at the Uni-
versity of Colorado Boulder has established a network of event-driven data acquisition
systems (EDAS) for ionospheric scintillation and space weather monitoring. Its core com-
ponent is an array of reconfigurable software-defined radios (SDR) that samples all open
GNSS signals at 25 MHz (Peng and Morton, 2013). Because of the high sampling rate
of EDAS, a real-time, event-driven architecture was implemented to store the raw base-
band samples only when major disturbances in the signals are detected. The detection
is accomplished by a machine learning algorithm operating on measurements generated
from a Continuously operating Data Acquisition System (CDAS, Jiao et al. 2017a,b). The
CDAS outputs are used as inputs to the machine learning algorithm to detect space weather
events, satellite signal anomalies, as well as radiofrequency interferences (RFI), to trigger
the SDR data storage operation when a signal disturbance event is detected, and to alert the
remote monitoring centre of the event.

2.2 Riometer for detecting D-region ionisation events

The Relative Ionospheric Opacity Meter (Riometer) is designed to monitor the cosmic
radio noise from the galaxy, typically at frequencies of 30—40 MHz. The diurnal varia-
tion in the cosmic background noise at any given location is a stable sidereal-time periodic
function called the Quiet-Day Curve (QDC). Hence, all reductions in the received power
from its QDC levels can be used as a measure for the relative Cosmic Noise Absorption
(CNA) in the ionosphere. The CNA is fundamentally caused by Joule heating of the free
electrons in the collisional plasma, and therefore, the observed CNA serves as a measure
for the excess ionisation occasionally taking place in the collisional D-region ionosphere.
The ionisation can be caused by either energetic particle precipitation (electrons and pro-
tons), especially in the high latitudes, or by excess photoionisation (Solar X-ray flares) in
the dayside ionosphere. The majority of the CNA events are associated with energetic par-
ticle precipitation at energies of E> 30 keV.

A typical riometer setup is either a wide beam or an imaging riometer. Wide-beam
riometer chains in the Northern hemisphere are found in the Fennoscandian sector oper-
ated by Sodankyld Geophysical Observatory (https://www.sgo.fi/Data/Riometer/riometer.
php), and in Canada maintained by the University of Calgary (https://aurora.phys.ucalg
ary.ca/norstar/rio/index.html, Rostoker et al. 1995) and Natural Resources Canada (Fiori
and Danskin 2016). In addition, Tromsg Geophysical Observatory runs similar instru-
ments in Skibotn in Northern Norway, in Ny-z&lesund, and in Longyearbyen (http:/www.
tgo.uit.no/riometer/index.html). Furthermore, a newly deployed pan-Arctic ground-based
network of riometers is an integral part of the PWING chain (http://www.isee.nagoya-u.
ac.jp/dimr/PWING/en/), which is the ground component of the ERG spacecraft mission. In
Antarctica, at least the Syowa station of the National Institute of Polar Research in Japan

@ Springer


https://www.sgo.fi/Data/Riometer/riometer.php
https://www.sgo.fi/Data/Riometer/riometer.php
https://aurora.phys.ucalgary.ca/norstar/rio/index.html
https://aurora.phys.ucalgary.ca/norstar/rio/index.html
http://www.tgo.uit.no/riometer/index.html
http://www.tgo.uit.no/riometer/index.html
http://www.isee.nagoya-u.ac.jp/dimr/PWING/en/
http://www.isee.nagoya-u.ac.jp/dimr/PWING/en/

1614 Surveys in Geophysics (2022) 43:1609-1698

conducts long-term CNA monitoring (http://polaris.nipr.ac.jp/~uap-mon/uapm/ATLAS.
html). Two imaging riometers (arrays of narrow-beam antennas) are operated in the main-
land Fennoscandia, at Kilpisjdrvi and Andenes, by the University of Lancaster (Browne
et al. 1995) as well as another two in Svalbard, at Longyearbyen (no longer available) and
Ny-z&lesund, maintained by the Technical University of Denmark (Stauning et al. 1996)
and the Polar Research Institute of China, respectively. The newest member in the riom-
eter family is a radio receiving system Kilpisjarvi Atmospheric Imaging Receiver Array
(KAIRA), at Kilpisjarvi (McKay et al. 2015), which forms an interferometric image of
a CNA at a single frequency (38.1 MHz) and in addition 22 individual beams over the
sky covering the whole frequency range of 17-59 MHz. The multi-frequency capability,
called “spectral riometry”, has several advantages, most notably robustness against arti-
ficial Radio Frequency Interference (RFI) occurring often in limited frequency bands, as
observing the whole frequency spectrum enables reconstruction of the CNA over the inter-
ferences either by a simple interpolation or by fitting the theoretical absorption spectrum
to the observed data (see, Kero et al. 2014). The Finnish riometer chain operated by the
Sodankyld Geophysical Observatory has recently had the traditional La Jolla riometers
(30.0 and 32.4 MHz) replaced by new wide-beam spectral riometers measuring over the
band of 20-55 MHz with a dense frequency resolution (Fig. 2). Additionally the Swedish
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Fig.2 An example of spectral riometer data (Sodankyld, Feb 16 2021). The upper left panel shows the
received cosmic radio noise power in decibels over the whole frequency band 20-55 MHz and the mid-
dle panel illustrates the corresponding QDC in the same decibel scale. The lowermost left panel shows
the absorption (QDC-Power). The right panel shows a typical absorption spectrum at the peak of the
CNA event (09:49 UT). The data contains several frequencies associated with RFIs that result in peaks
of "reduced" or even "negative" absorption, most notably the one at 38 MHz caused by the nearby meteor
radar. These RFIs can be easily excluded from the spectral riometry data by a simple interpolation over the
RFI outliers unlike in the traditional single-frequency riometry
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Institute of Space Physics has recently replaced its two La Jolla riometers at Kiruna and
Lycksele with two wide-beam, wide-band SDR riometers of the Finnish design (https://
www.rfsorcerers.com/img/file.php?id=54804). These are now located at the Tjautjas ALIS
station (moved from Kiruna to minimise RFI) and the Lycksele ionospheric observatory.
At SANAE-IV in Antarctica, an 8 X8 beamforming riometer at 38.2 MHz, and two wide-
angle riometers at 30.0 MHz and 51.4 MHz have been operated as part of the South Afri-
can National Antarctic Programme since April 1997; the imaging riometer at 38.2 MHz
was decommissioned in December 2019 and is no longer available. At Comandante Fer-
raz, the Brazilian Antarctic Station in King George Island, two wide-angle riometers at
30.0 MHz and 38.2 MHz have been operated since March 2009. Other riometers in Antarc-
tica are, for example, operating at stations Maitri, Halley and ZongShan.

The scientific community providing riometer data is renewing the collaboration through
the Global Riometer Array (GLORIA) initiative (Alfonsi et al. 2008a) to provide a com-
mon platform for sharing data. The platform is currently under development.

2.3 lonosondes for the Vertical Sounding of the lonosphere

Ionosondes use a low-power HF transmitter to transmit a series of pulsed or chirped fre-
quency sweeps, generally ranging from 0.1 to 30 MHz over 1 or 2 min. The HF signal,
once transmitted into the ionosphere, undergoes mode splitting into O- or X-mode polari-
sation with respect to the magnetic field. Additionally, the propagation through the ionised
medium of the ionosphere depends on the frequency of the transmitted signal, f, and on the
natural frequency of the ionospheric plasma (the so-called plasma frequency, f,), which
has the following relationship with the electron density (n,):

1
2\ 2
fy=o /2= <"ee ) J2n
m.€y

with e being the electron charge, m, the electron mass, and g, the permittivity of free space.

In the case of the O-mode polarisation, at the altitude where the frequency of the trans-
mitted signal is approximately equal to the plasma frequency, f; ~ f,, the radar beam can
be totally or partially reflected. The ionospheric echo intensity is detected for a range of
time delays (or virtual ranges) at each radio frequency, f,. This is called an ionogram.
Some ionosondes produce only O-mode ionograms, whereas others also receive the X
mode polarisation. From the ionograms, the critical frequencies of the ionospheric E and F
layers and the heights of those layers can be read out. This procedure is usually referred to
as ionogram scaling. Using an inversion procedure, it is also possible to obtain the vertical
electron density profile. Four main types of ionosonde are in use: the simple pulsed iono-
sonde, which originally showed echo delay time versus transmitted frequency on an oscil-
loscope (which was then imaged on photographic film), is the original type. Such instru-
ments have been running continuously e.g. in Northern Finland since the International
Geophysical Year 1957 and represent some of the longest-running ionospheric measure-
ments in the world. The ionosonde at Sodankyld was replaced by a CW chirp sounder in
2005. This instrument has separate transmitter and receiver locations and transmits a con-
tinuous frequency sweep while receiving simultaneously. The received linearly polarised
signals are combined into the O- and X-mode circular polarisations, and a windowed FFT
is then applied to produce the ionogram. This instrument runs one sounding per minute.
The sampling rate is 500 kHz and the frequency range is 500 kHz—16 MHz. Other chirp
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sounders also exist, some of which are military instruments. Other more ‘modern’ versions
of the ionosondes are the dynasonde and digisonde. A dynasonde uses the raw data of the
received signal to conduct real-time analysis without resorting to FFTs. These instruments
typically have spaced receiver antennas and several receiver channels. Parameters that can
be derived include Doppler velocity and electron density profiles, and directions of echo
arrival (Zabotin et al. 2006 and references therein). A digisonde uses pulse phase modu-
lation and pulse compression to correlate the received signal with the transmitted pulse.
In addition to electron density, it is also possible to obtain Doppler velocity and angle of
arrival information if a set of multiple antenna units are used (Reinisch et al. 2009).

There are several ionosonde, dynasonde and digisonde systems either currently in
operation or previously having provided long-term datasets across the polar region. Their
relatively low power and maintenance make them ideal instruments for remote locations.
The fast temporal resolution (1-2 min generally, although some can operate at sub-minute
intervals) makes it possible to reveal rapid changes in the ionosphere (Enell et al. 2016),
as well as ionospheric plasma- wave dynamics and meteor echoes (Kozlovsky et al. 2018;
MacDougall and Jayachandran 2005; Verhulst et al. 2017).

Across the northern polar regions, there are several ionosonde networks such as
CHAIN, with six active ionosondes across Northern Canada, as well as individual active
stations, e.g. at Tromsg (69.66 N, 18.94E, https://dynserv.eiscat.uit.no/, 1995-present), at
Sodankyld Geophysical Observatory (67.37 N, 26.63E, https://www.sgo.fi/Data/Real Time/
ionogram.php 1957-present), at Kiruna, Lycksele and Uppsala by the Swedish Institute of
Space Physics ionosondes (https://www.irf.se/en/observatory-activities/ionosondes/), and
at Eielson, Alaska (64.4 N, 147 W, USA).

Historically there have also been stations in Svalbard (Norway, 78.2 N, 15.9E: CADI
ionosonde: 1997-2014; EISCAT dynasonde: 2009-2015; CADI ionosonde: 2020 -), at
Qaanaaq (77.5 N 290.8, Greenland), at the Comandante Ferraz Brazilian Antarctic Sta-
tion (62.11S, 58.41 W, 2009-2015, 2022 -) and at Mario Zucchelli Station (74.7S, 164.1E)
(operated by INGV till 2012), amongst others. Several of these stations will soon be work-
ing again. Data from a large number of these systems are available online.

In the southern polar regions we mention also the digisondes operating at Zhong Shan
station by the Center for Space Science and Applied Research of the Chinese Academy of
Sciences, and at Jang Bogo by the Korea Polar Research Institute (whose data are available
at https://giro.uml.edu/didbase/), and the ionosondes operating at Casey (66.30S, 110.50E),
Mawson (67.60S, 62.88E), Davis (68.58S, 77.96E) and Scott Base (77.80S, 166.80E) by
the Space Weather Service of the Australian Government Bureau of Meteorology (https://
www.sws.bom.gov.au/World_Data_Centre/2/1/28). It is also worth mentioning the US
network, including the ionosonde located at South Pole station, the Halley station iono-
sonde run by the British Antarctic Survey, the ionosonde operated at the French station of
Dumond D’Urville. The global ionosonde network (Fig. 3) has contributed to decades of
time-series data of the polar ionosphere. A full list of stations and data availability can be
found here: https://www.ngdc.noaa.gov/stp/IONO/ionohome.html.

The global distribution of ionosondes also offers the major data source for the Interna-
tional Reference Ionosphere (IRI) model (http://irimodel.org/) which is used throughout
the world by atmospheric research communities as well as in real-time modelling of the
ionosphere (see, e.g., http://madrigal.haystack.mit.edu/models/IRI/index.html). The Empir-
ical Canadian High Arctic Ionospheric Model (E-CHAIM) project involves “the develop-
ment of a regional, fully three-dimensional, electron density model for use at high lati-
tudes” (Themens et al. 2017, 2019).
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Recent Mirrion Tonosonde Data at 2020-11-30 0:15:02 UTC showing 68 of 97 for past 1 days

Fig.3 Map of ionosonde stations currently uploading data to the NOAA Master Ionosonde Data Set
(MIDS). Image courtesy of https://www.ngdc.noaa.gov/stp/IONO/rt-iono/

2.4 VLF Instrumentation for Radio Wave Propagation Physics

Very Low Frequency (VLF) is the ITU designation for radio frequencies (RF) in the range
of 3-30 kHz. For most locations on Earth, the dominant sources of VLF waves are gen-
erated by lightning discharges, except at narrow frequency bands where manmade VLF
transmitters dominate. At mid- and high- latitudes VLF waves naturally generated in space
can be received on the ground. Examples of such waves are whistlers (generated by light-
ning), plasmaspheric hiss, and chorus. The occurrence and properties of these waves tell
us about the nature of the space around the Earth and can be continuously monitored from
high-latitude polar sites at a comparatively low cost. All the waves, along with ULF-band
and EMIC (Electromagnetic Ion Cyclotron) waves, are thought to be important drivers of
the loss of energetic electrons from the radiation belts. Whistler-mode chorus is increas-
ingly accepted to be a highly important driver of acceleration processes in the radiation
belts, energising electrons with tens of keV energy to hundreds or thousands of keV.

VLF measurements in Finland started in the 1970s. Subsequently, different types of
VLF receivers were used to study the wave propagation physics in the polar ionosphere
(Manninen et al. 2016; Titova et al. 2007; Turunen et al. 1980). Those receivers were situ-
ated at different locations in Northern Finland and always far away (>9 km) from power
transmission lines and human settlements. The antennas used with these receivers are
orthogonal magnetic loop antennas with an effective enclosed area that has increased from
58 to 2300 m? over several years. In 2005 the measurements started to be recorded digi-
tally. Many new kinds of VLF phenomena, such as hiss clouds and structured hiss bands
(Macotela et al. 2019; Manninen et al. 2016), justified the design of a new type of VLF
receiver that started operation in 2006 at a fixed location in northern Finland at Kannusle-
hto (67.74°N, 26.27°E; L=5.45). With this receiver, VLF emissions are recorded during
different campaigns in the frequency range of 0.2-39 kHz by using two mutually orthogo-
nal magnetic loop antennas oriented in the geographic north—-south and east-west direc-
tions. Each loop is 10X 10 m in size with 10 turns, which yields an effective area of 1000
m?. The noise level of the receiver is 10-14 nT?*/Hz, and the frequency response is almost
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flat in a frequency range of 2.5 to 39 kHz. Furthermore, its sensitivity is usually very high,
and hence it can detect signals below the natural noise level. During the campaigns, the
recordings are built continuously and can be accessed at no cost on the website http://www.
sgo.fi/pub_vlf in the form of 1-min, 1-h, and 24-h total power spectrograms.

Many naturally occurring VLF waves at frequencies above 4—6 kHz could not be stud-
ied using ground-based data because strong radio atmospherics (sferics) hide all such
waves. To study these VLF waves, researchers have applied special digital tools which fil-
ter out strong impulsive sferics (Manninen et al. 2016). Sferics are a particular type of VLF
emission that are caused by lightning discharges (Volland 1995) and propagate thousands
of km in the Earth-ionosphere waveguide. The removal of sferics by digital filters uncov-
ered completely new types of high-frequency daytime VLF emissions with various unusual
spectral structures that have never been seen before.

In some parts of Antarctica, ground-based observations of whistlers can be used to pro-
vide continuous monitoring of the plasmasphere (the cold plasma environment is a vital
component in the description of the processes in space that couple waves and particles).
Because the lightning activity is extremely low in the Antarctic, this region is also very
well suited to remote sensing of lightning activity—the lower background noise levels and
longer propagation paths provide high accuracy timing observations of radio pulses gener-
ated by lightning (‘sferics’) which can be used in lightning location systems (e.g. World
Wide Lighting Location Network, WWLLN; Rodger et al. 2006). Koronczay et al. (2019)
estimated the prime source regions of whistlers observed by the AWDAnet network of
VLF receivers over a 12 year period (2007-2018), utilising instruments across the globe,
including four Antarctic stations.

The VLF measurements at Comandante Ferraz Brazilian Antarctic Station started in
1984, and digitally since 2006. In addition to the investigation of the ionospheric forcing
from space, the VLF technique has also been used to investigate the ionospheric effects
produced by the impact of the planetary and gravity waves generated below the ionosphere
(Correia et al. 2011, 2013b, 2020).

Monitoring of manmade VLF waves (generally from military transmitters) allows low-
cost continuous remote sensing of the lower ionosphere. Either communication transmit-
ters or lightning provides powerful sources of VLF waves which propagate many thou-
sands of kilometres, trapped between the lower edge of the ionosphere and the conducting
ground/sea. Networks of narrow-band VLF monitors have been deployed in polar regions
particularly to study highly energetic electrons and protons lost into the polar atmosphere
through precipitation. These include solar proton events (rare, wide-spread over high lati-
tude regions, and intense), radiation belt precipitation (common, long-lasting, highly vari-
able), and substorm precipitation (very common, short-term, highly variable). One exam-
ple of such a network, with sites around the coast of Antarctica, is the Antarctic-Arctic
Radiation-belt (Dynamic) Deposition—VLF Atmospheric Research Konsortium (AARD-
DVARK) (Clilverd et al. 2009).

The AARDDVARK VLF network has been applied to the long-term determination of
energetic electron precipitation into the auroral atmosphere (Neal et al. 2015) and for the
development of a model of energetic electron precipitation during geomagnetic storms
(Van de Kamp et al. 2016). Another application is the identification of solar flares through
their effect on the D-region ionosphere. The increased ionisation from X-ray flares changes
the electron density in the bottom side ionosphere (dayside). Since the signals monitored
by networks such as AARDDVARK are fairly constant in power and frequency it is pos-
sible to utilise amplitude (Wenzel et al. 2016) or phase (Lotz and Clilverd 2019) perturba-
tions of these signals to identify and classify flares. These perturbations are superimposed
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on diurnal variations in narrowband signal phase and amplitude caused by solar irradiance.
The shape of the diurnal variations are seasonal and the function of the transmitter/receiver
pairs is utilised. Therefore, long-term studies such as the one from Cresswell-Moorcock
et al. (2015) are necessary to model the diurnal changes so that short-term variations such
as those caused by flares (and other phenomena such as solar proton events, precipitation,
etc.) can be identified accurately.

Array for Broadband Observations of VLF/ELF Emissions (ABOVE) is a ground-based
array of VLF radio receivers in Canada (Cully et al. 2014) monitoring electromagnetic
waves in a frequency range from 100 Hz to 75 kHz. It has been applied to study the ener-
getic electron injection events (Ghaffari et al. 2020).

2.5 SuperDARN for lonospheric Observations

SuperDARN (Super Dual Auroral Radar Network) is a global network of 35 HF low-power
radars, looking into Earth’s upper atmosphere spanning from mid-latitudes and extending
into the polar regions. The radars operate continuously and observe the ionosphere directly
and, since mainly space plasma processes are field-aligned in nature, phenomena in the
magnetosphere can map along magnetic field lines, to be observed in the ionosphere. The
network consists of 23 radars in the Northern Hemisphere and 12 radars in the Southern
Hemisphere.

At the high latitudes, field lines extend to the very distant magnetosphere and so pro-
cesses happening many 10’s and 100’s of Earth radii away can be readily detected by these
radars.

The southern and northern hemisphere radars and their fields of view are shown in
Fig. 4.

SuperDARN’s presence began in the Antarctic with the Halley radar (HAL in Fig. 4(b)),
which saw first light in January 1988. Concerning the North Hemisphere, the first radar

(@) Northern Hemisphere (b)Southern Hemisphere
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Fig.4 SuperDARN field of view. The figure is available on http://vt.superdarn.org/tiki-index.php?page=
Radar+Overview
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was installed in 1983 at Goose Bay, Canada (GBR in Fig. 4(a)), see Greenwald (2021) for
the early history of SuperDARN. Following the installation of HAL, 11 more radars have
been added in the southern hemisphere. Five radars are not situated on the Antarctic conti-
nent but, all except Buckland Park (BPK), have fields of view, or part thereof, which look
over the continent. One more radar started operation in January 2019. It is located at Con-
cordia (Dome C-Antarctica) near the Dome C East radar (DCE in Fig. 4(b)) and it is named
Dome C North (DCN). DCE and DCN are located very close to the Antarctic geomagnetic
pole making them the highest geomagnetic latitude radars. In the northern hemisphere,
more than 20 radars have been installed after the GBR installation and, in the last 15 years,
the SuperDARN coverage has expanded notably also at mid-latitudes with the addition of
a chain of radars across North America and the northern Pacific Ocean into eastern Asia.
The last radar installed in the northern hemisphere is the Chinese radar deployed nearby
the Jiamusi city, China. The Jiamusi radar (JME) saw the first light in August 2018.

The primary products of a SuperDARN radar are backscattered power, Doppler veloc-
ity, and spectral width of the scattering targets. The seminal product of the SuperDARN
network is the ionospheric convection map, produced for both hemispheres with a 2-min
cadence. Due to the high conductivity of space plasmas, field lines are frozen to the
plasma, resulting in a convection electric field in the rest frame of the magnetosphere, set-
ting up the ExB convection. This convection is observed in the Doppler velocity measure-
ments of the radars.

2.6 High-Power Large Aperture Radars and lonospheric Incoherent Scatter

High-power large aperture (HPLA) radars are powerful instruments for studying space-
Earth interaction within the fields of aeronomy, meteors, and space debris, among others.
Among the most important uses of HPLA radars is in studies of ionospheric incoherent
scatter. The theory of ionospheric scattering of VHF/UHF radiowaves was originally based
on the concept of Thomson scattering, which is re-radiation by free electrons of incident
electromagnetic wave energy. The Thomson cross-section per electron is extremely small,

Op = 47t< 4n€q:; 2 ) = 1072 m~2. This is the reason for using high power and large collect-
0 e’

ing antennas, as considered by Gordon (1958), leading to the design of the well-known
very large radar in Arecibo, Puerto Rico.

However, this first understanding soon turned out to be incomplete. In the actual iono-
spheric plasma, scattering arises from electron density modulations by thermally excited
wave motions of the ions, resembling the Bragg-scattering in a crystal. The theory of inco-
herent scatter spectra was developed by Farley et al. (1961), Dougherty and Farley (1961)
and many others. The most prominent feature of the theoretical spectrum is a double-
peaked central line caused by ion-acoustic waves, containing information about the tem-
peratures of the ions and electrons as well as the line-of-sight Doppler velocity. Scatter
lines shifted by the electron plasma frequency and gyro frequency can also sometimes be
detected. Electron density is measured either by calibrating the total power received in the
ion line or from the plasma frequency.

Although larger than originally predicted by the simple Thomson theory, the received
power as given by the radar equation (which takes into account transmitter power, antenna
gain, range, and scatter cross-section) is on the order of 107!® times the transmitter power.
Typical HPLA radars transmit at a peak pulse power on the order of 1 MW and thus receive
a signal of about 1 pW. This makes atmospheric and cosmic background noise an important
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consideration. The operation frequency has to be selected as a trade-off between scatter
strength and background noise. For ionospheric incoherent scatter, HPLA radars usually
operate at frequencies in the VHF and UHF bands from 200 MHz to 1 GHz, whereas mid-
dle atmospheric HPLA radars use a frequency around 50 MHz or lower.

The process of how the radar works can be explained through a so-called range/time
diagram. The high-power radio wave is transmitted, going virtually un-attenuated through
the ionosphere. At any height, the electrons scatter the signal isotropically. As the transmis-
sion is often modulated in several respects, the received signal must go through rather com-
plicated decoding processes. As an example, to get high range resolution it is necessary to
transmit a relatively short pulse but to get high spectral resolution the pulse must be rather
long. These conflicting requirements vary for different ionospheric layers, so complicated
modulation principles are often used to satisfy these conditions. After forming the spectral
components for all range intervals, the signal goes into a fitting procedure comprising an
iterative comparison with theoretical spectra. Since an essentially exact incoherent scatter
theory exists, the results give very detailed information on the ionosphere via the param-
eters derived. The four main parameters derived are the electron density, the electron and
ion temperatures, and the ion bulk flow velocity. However, depending on the analysis pro-
cedure and altitude region, one can also fit other parameters such as collision frequency,
ion composition, negative and cluster ions, and so on. The NRLMSISE-00 (Picone et al.
2002) and IRI 2016 (Bilitza et al. 2017) empirical atmospheric models are normally used
for this purpose. One can also set constraints on parameters or vary the integration in time
and/or space to increase the accuracy. Combining the derived parameters with other data or
models gives a wealth of further physical quantities describing the ionosphere and neutral
atmospheres, such as neutral wind, electric fields, and conductivities in various directions.

Most HPLA radars are in the northern hemisphere with the notable exception of the
Jicamarca radar in Peru, which is at the magnetic equator.

2.7 EISCAT and AMISR to Detect Disturbances in the lonosphere

EISCAT, originally the European Incoherent Scatter Scientific Association, was estab-
lished in the early 1970’s to develop a large radar for the northern auroral oval, a location
where direct magnetosphere-atmosphere interaction takes place. EISCAT started opera-
tions in 1981 with a tristatic UHF (930 MHz band) radar (Folkestadet al. 1983) in north-
ern Fennoscandia; transmitter at Tromsg (69 N, 19 E), remote receivers in Kiruna (67° N,
20° E), and Sodankylid (67° N, 26° E). A VHF radar (224 MHz) with a 120 X 40 m cylindri-
cal antenna was added to the Tromsg site in 1985. Due to interference from mobile com-
munication in the 930 MHz band, the two remote sites have been converted to the VHF
radar frequency, that is, at present, the VHF radar is a tristatic system. The tristatic capa-
bility makes EISCAT unique in the world among incoherent scatter radars, since full ion
vector velocities can be measured, and hence the vector electric field at the point of inter-
section be calculated.

The next major step forward for EISCAT was taken in 1996 when the EISCAT Sval-
bard radar (ESR, Wannberg et al. 1997) became operational. This system, with two para-
bolic antennas, is located at 78° N geographic latitude in the cusp and dayside auroral oval
region, thus another region of major interest for studies of direct and indirect space-Earth
interactions. The ESR receiver was designed to use state-of-the-art digital signal process-
ing and software-based decoding.
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The Tromsg transmitter site is co-located with the so-called Heating facility, originally
constructed by the Max Planck Institute in 1979 (Stubbe et al. 1982) and later transferred to
EISCAT. This is a powerful transmitter (about | MW of CW power) operating at 4-8 MHz
and capable of Effective Radiated Power (ERP) up to 1 GW at the highest frequency. The
Heating facility is intended for active ionospheric modification experiments, where the
incoherent scatter radars, optical instruments, and VLF receivers are used as detectors.
Receiver capabilities were added in 2010, making the heating facility a flexible HF radar.

EISCAT data are available at https://eiscat.se/ according to access rules in the EISCAT
statutes. Graphical overview data are free to download but must not be published without
appropriate co-authorship.

The future of EISCAT is the EISCAT_3D radar, which is now under construction and
will replace the EISCAT mainland radars (McCrea et al. 2015). EISCAT_3D will provide
observations of both the scalar ionospheric parameters and velocity vectors from a volume,
hence the 3D in its name. In contrast with the present radars, which run on a campaign
basis, EISCAT_3D will allow a continuous low power overview mode. Such three-dimen-
sional ionospheric studies will further our understanding of the coupling of atmospheric
layers and the magnetosphere, and also be of major importance for improving satellite
navigation at auroral latitudes thanks to the gained knowledge on the regional ionospheric
structuring which adversely affect GNSS signal propagation. EISCAT_3D will also be a
flexible HPLA radar for meteor and space debris studies.

In the initial stage, EISCAT_3D will consist of three stations with up to 10 000 anten-
nas each (Fig. 5 Artistic rendering of the future EISCAT_3D transmitter site in Skibotn,
Norway.). One station (Skibotn, Norway) will have transmitters and receivers, and there
will be two receive-only, multiple beam sites at Karesuvanto in Finland and Kaiseniemi in
Sweden. The system hardware will be installed during 2022 and first data will be available
in 2023.
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Fig.5 Artistic rendering of the future EISCAT_3D transmitter site in Skibotn, Norway. Credit: National
Institute of Polar Research (NIPR)
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The advanced modular incoherent scatter radar (AMISR, Valentic et al. 2013) facil-
ity in the American sector has been used to conduct studies of the upper atmosphere and
to observe space weather events since 2007. Unlike traditional ISRs, AMISR consists of
1000 s antenna element units to transmit and receive and thus can image the ionosphere at
different directions nearly simultaneously, which significantly increases the temporal reso-
lution of the measurements. This feature is particularly useful for monitoring the rapidly
evolving high-latitude plasma dynamics. There are currently two US-supported AMISR
radars, i.e. Poker Flat Incoherent Scatter Radar (PFISR) and Resolute Bay Incoherent Scat-
ter Radar-North (RISR-N) (shown in Fig. 6), and one Canadian supported RISR-C. PFISR
is located at~65° geomagnetic latitude and looking poleward, which covers subauroral
and auroral zones, while the two RISR radars are located at~82° geomagnetic latitude and
deep in the polar cap. The AMISR data can be accessed through the SRI AMISR website
(https://amisr.com/amisr) and the University of Calgary portal (https://data.phys.ucalgary.
ca/sort_by_project/RISR-C/).

2.8 Optical Imagers for Auroral Studies

Optical imagers are commonly used together with the radio observations of the ionosphere
in the polar regions to study the effects of the auroral activity. Often they are equipped
with narrow filters to record auroral emissions at particular wavelengths. The most com-
monly used filters are for 557.7, 427.8, and 630.0 nm. Monochromatic wide band (grey-
scale) imagers and standard colour cameras are also used. Networks of auroral imagers
are installed in the Arctic, for example in Svalbard, in Fennoscandia, or in Canada, while
in Antarctica the number of all sky auroral cameras is still limited. An example of an
imager network is the Auroral Large Imaging System (ALIS). ALIS is a set-up of six CCD
(Charged Coupled Device) cameras located in Northern Sweden with mutual distances
around 50 km and an average field-of-view of 90° (Bridndstrom, 2003). The system has
been originally designed for auroral tomography, but the sensitive imagers with the collec-
tion of narrowband filters for> 10 wisely selected wavelengths have appeared to be useful
also in studies on radio-induced aurora (Gustavsson, 2000), polar stratospheric clouds, and
meteors. While ALIS has been a system for campaign measurements only, its successor
ALIS_4D runs continuously (http://www.alis4d.irf.se/). In ALIS_4D, CCD technology is
replaced with EMCCD (Electron Multiplying CCD) imagers whose performance allows
higher sensitivity and sampling rate when compared to the old system. Both ALIS and

Fig.6 Poker Flat Incoherent Scatter Radar (left) and Resolute Bay Incoherent Scatter Radar—North (right).
Photo credit: Craig Heinselman
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ALIS_4D station locations and fields-of-view have been planned so that the optical system
supports in optimal way measurements by the EISCAT and EISCAT_3D incoherent scatter
radars.

The MIRACLE (Magnetometers—Ionospheric Radars—All-sky Cameras Large Exper-
iment) is a network of ground-based instruments, which was originally established to sup-
port the ESA Cluster mission of four satellites. The network has five cameras in Northern
Finland and Sweden, as well as two cameras on Svalbard. Two of the Fennoscandia cam-
era systems are EMCCD imagers equipped with narrow-band filters for the dominating
visual wavelengths and their nearby wavelengths for background subtraction (Sangalli et al.
2011). The oldest camera of the network has an intensified CCD. The two remaining cam-
eras are colour cameras under renovation to be replaced with imagers belonging to Boreal
Auroral Camera Concept (Sigernes et al. 2017). MIRACLE cameras have wide fields-of-
view and they have traditionally been used in magnetosphere-ionosphere coupling studies
as all-sky images of auroras provide nicely a wider context for localised satellite observa-
tions (Juusola et al. 2016). As the camera network has been collecting data continuously
during the dark season over several years, its data has enabled statistical studies on the
appearance of different auroral structures (Partamies et al. 2014). MIRACLE cameras have
been used extensively to support also auroral tourism (Kauristie et al. 2016).

The Northern Solar Terrestrial Array (NORSTAR) (Donovan et al. 2003) is an optical
and radio facility designed to remotely sense auroral precipitation on a continental scale.
NORSTAR consists of CCD-based All-Sky Imagers (ASIs), Meridian Scanning Pho-
tometers (MSPs), and riometers. It includes the ground-based ASIs to support the NASA
Time History of Events and Macroscale Interactions during Substorms (THEMIS) project
(Mende et al. 2008).

2.9 Magnetometers for Geomagnetic Parameters

The observation of the Earth’s magnetic field variation from polar areas is carried out
through a variety of magnetometers installed in Antarctica and the Arctic including proton
magnetometers, which give the scalar absolute values of the total field, fluxgate magnetom-
eters which give 3-axis vector data, and induction coil magnetometers devoted to recording
the so-called geomagnetic micropulsations from the electric field induced in a coil (e.g.
Francia et al. 2009; Pilipenko and Engebretson 2002; Regi et al. 2018; Villante et al. 2000).

Some countries have a long and continuing tradition in performing magnetic observa-
tions, and in managing observatories, especially in inhabited territories of old continents or
in those territories under the influence of the countries who exercised expansionistic poli-
tics in the past. INTERMAGNET (the INTERnational Real-time MAGnetic Observatory
NETwork), a world-wide consortium of institutes operating ground-based magnetic obser-
vatories and setting observatory standards, was developed from a pilot scheme between
USGS (United States Geological Survey) and BGS (British Geological Survey) in 1987,
and now incorporates data from approximately 150 observatories into a unified database
(https://www.intermagnet.org/).

In Europe, many countries have contributed to recording the magnetic field since the
middle of the eighteenth century: UK, Germany, and France to cite those most prominent,
which can boast long series of data of crucial importance in reconstructing the field of
the past. It should not be a surprise that such countries were spontaneously interested in
supporting magnetic recordings from remote and isolated lands (including those in open
oceans) under their control. In the USA, USGS established its first magnetic observatory in
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1900 at Cheltenham, MD (it moved to Fredericksburg, VA, in 1956) and now includes 11
sites in the continental USA and 3 on US islands.

In addition to magnetic observatories, many other arrays of fluxgate magnetometers
have been deployed in support of studies of the upper atmosphere, ionosphere, and magne-
tosphere, many using instruments identical to or similar to those used by magnetic obser-
vatories, but because in contrast with magnetic observatories, they are not supported by
repeated absolute calibrations and often not supported by trained local personnel, they are
designated as variometer arrays. These arrays were often developed for specific research
studies, but continue to operate and now serve a variety of research purposes. For exam-
ple, the Geophysical Institute Magnetometer Array (GIMA) of fluxgate magnetometers
was installed in 1995 in Alaska and was initially funded by NASA as part of a Poker Flat
Research Range upgrade. GIMA is primarily used to observe the magnitude and location
of the auroral electrojet in support of sounding rocket missions and global current experi-
ments. Similarly, the Magnetometer Array for Cusp and Cleft Studies (MACCS), located in
former Northwest Territories (now Nunavut) in Canada, was originally deployed in 1992 as
part of the US Geophysical Environment Modelling (GEM) Boundary Layer Campaign to
study the interactions of the solar wind with the outer magnetosphere and its high latitude
footpoint on the ground.

A different approach was applied in the case of the polar sectors of our planet. Here,
the geographic difference between the Arctic and Antarctica, with islands embracing an
iced open ocean in the first case, and oceans surrounding a continent in the second case is
reflected in the nations who are operating there: Canada, Sweden, Russia, Finland, Norway
and Denmark are the nations who are in front of the Arctic. Differently, the Antarctic con-
tinent was relatively late to be explored because of its remoteness and very harsh environ-
mental context, and besides the interest of those southern hemisphere nations overlooking
the white continent (Chile, Argentina, South Africa, New Zealand, and Australia), also dif-
ferent nations are now operating there: USA, Italy, Spain, Ukraine, Japan, Germany, Russia
and China. In addition to the large number of INTERMAGNET observatories in Arctic
regions, many variometer arrays provide magnetic field data in both the Arctic and Antarc-
tic regions. Many of these contribute data to centralised data servers such as SUPERMAG
(https://supermag.jhuapl.edu/), CDAWEB (https://cdaweb.gsfc.nasa.gov/), and THEMIS
(http://themis.igpp.ucla.edu/overview_data.shtml). Figure 7 shows Ultra Large Terrestrial
International Magnetometer Array (ULTIMA) as of December 2014.
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Finally, the most remote ground geomagnetic observatories, at Concordia station (Italy
and France) and Vostok station (Russia), located in the inner part of the Antarctic pla-
teau at a distance of more than 1000 km from the coast, are worthy to be mentioned for
acknowledging the efforts, sustained by people and organisations involved in collecting and
distributing geomagnetic data of high quality. They guarantee the recording, storage, and
distribution of data from points located in very remote areas of the Earth: all year round,
absolute measurements are manually executed once a week, and time-series recordings are
available for the interested communities in quasi-real-time. Data from those remote points,
besides being useful for various applications, are extremely useful for contributing to gen-
erate reliable models of the Earth’s magnetic field, like the IGRF model (International
Geomagnetic Reference Field), updated and released every 5 years (Di Mauro et al. 2014).

Table 1 summarises the principal variometer arrays located in the Arctic and Antarctica.

The Magnetic Induction Coil Array (http://mirl.sr.unh.edu/ulf_status.html) is an out-
growth of induction coil magnetometer observations in conjugate hemispheres beginning
in 1979 at Siple Station, Antarctica, and Roberval, Quebec. Systems were installed at the
South Pole in 1982 and McMurdo, Antarctica in 1985; data from these locations have
been recorded almost continuously since then. Systems at northern cusp latitudes, roughly
magnetically conjugate to the South Pole, were installed at Sondrestromfjord, Greenland
in 1984 (discontinued in 2018) and at Iqaluit, Canada in 1993. Systems were installed at
the British Antarctic Survey’s multi-instrument Automated Geophysical Observatory
(AGO) sites A80, A81, and A84 in 1996 and operated until 2004, and installed at Halley
and Rothera in 2005 and 2015, respectively. A set of 4 closely-spaced induction coils was
installed at Svalbard (Arctic Norway), 3 in 2006 and 1 in 2008. A system at the north-
ern magnetic footpoint of GOES 13 was installed at Sanikiluag, Canada in 2015. More
recent activity has involved colleagues from South Korea, who have replicated the sensors,
resulting in the installation of 3 new systems at Antarctic sites: Neumayer, Jang Bogo, and
King Sejong. Induction magnetometers were also included in the AAL-PIP array in Ant-
arctica beginning in 2008. Current activity includes the fabrication of two new systems to
be installed by Chinese colleagues. Induction coil studies have for many years been aug-
mented by the multi-instrument capabilities available at Siple (abandoned in~1988), BAS
and US AGOs, South Pole, McMurdo, and Svalbard, as well as induction coils and other
instruments at the Arctic and Antarctic sites operated by other nations, and particle and
field instruments on numerous spacecrafts.

Magnetometers at these high latitudes have provided data for many studies of the
ground signatures of interactions of the solar wind with the outer magnetosphere and its
high latitude footpoint on the ground, including sudden impulses, travelling convection
vortices, and possible ground signatures of dayside reconnection. They also provide sup-
porting information for studies of magnetospheric and ionospheric processes (flows and
ULF waves) in the high-altitude cusp, the magnetopause boundary layers, the outermost
closed field line regions of the magnetosphere, and the open flux regions of the polar cap,
plasma mantle, and magnetotail (e.g. Neudegg et al. 2002; Rodger and Smith 1989).

An amazing example of how magnetometers’ data can be used for geospace activity
indication is given by the Polar Cap (PC) index, introduced in 1985 by Troshichev and
Andrezen (1985). The PC index is calculated separately for Northern and Southern hem-
ispheres (PCN and PCS, correspondingly) by magnetic data from the near-pole stations
Thule (Greenland) and Vostok (Antarctica) by the method put forward by Troshichev et al.
(2006). In 2013 the International Association of Geomagnetism and Aeronomy (IAGA)
approved the PC index as an indicator of energy that enters into the magnetosphere during
solar wind-magnetosphere coupling (http://www.iaga-aiga.org/index.php?id=res3-2013).
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This concept is based on the following experimental evidences (Troshichev et al. 2014,
2018; Troshichev and Sormakov 2015, 2018, 2019a, 2019b): (1) the PC index responds
to changes of the solar wind electric field (EKL), the EKL increase being followed by the
PC growth with the delay time AT~ 12-20 min; (2) influence of EKL on the polar cap
magnetic activity proceeds by means of field-aligned currents (R1 FAC system) flowing
within the closed magnetosphere; (3) the PC index growth always precedes the magnetic
substorms development, the substorm growth phase duration and substorm intensity being
specified by the PC growth rate; (4) the substorms start when the PC index reaches the
threshold level (1.54+0.5 mV/m) and last as long as PC continues to be in excess of this
level, the substorm intensity (the AL index) being linearly related to the PC value; (5) the
magnetic storms start when the PC index steadily (on a time lapse more than 1 h) exceeds
the threshold of >1.5-2 mV/m, the storm intensity (Dstyy) being linearly related to the
values PC,;,x preceding the storm maximum; (6) the magnetic activity (PC and AL indi-
ces) correlates (increases or decreases) with the solar wind pressure (leaps or drops) only
if the solar wind pressure impulses are accompanied by the corresponding changes of
EKL. In addition, the PC index ensures the possibility to verify whether or not the solar
wind, fixed far upstream of the magnetosphere (in the Lagrange point L.1), encountered
the magnetosphere in reality. In such a way the utility of the solar wind data, presented
at the OMNI website, for examination of the solar wind-magnetosphere coupling can be
validated.

Thus, the PC index can be successfully used to monitor the state of the magnetosphere
(space weather monitoring) and readiness of the magnetosphere to produce substorms or
storms (space weather nowcasting). A great advantage of the PC index application over
other methods based on the satellite data is a permanent on-line availability of information
on the solar wind energy input into the magnetosphere. A special procedure agreed by the
Arctic and Antarctic Research Institute (AARI) and Space Institute of the Danish Technical
University (DTUSpace) ensures the on-line production of the PCS and PCN indices, which
are presented at the websites http://pcindex.org and www.space.dtu.dk/wdc/pcn-index.

High latitude ground magnetometer data are also often combined with data from high
altitude spacecraft such as Cluster, Polar, THEMIS, and MMS for studies of ULF waves,
and are routinely incorporated into several multi-array regional and global empirical mod-
elling efforts and databases (e.g. the Assimilative Mapping of Tonospheric Electrodynam-
ics, AMIE, and the Spherical Elementary Current Systems, SECS).

The focus of induction coil magnetometer studies has been on wave phenomena in the
upper ULF band (Pc3-4, Pc 1-2, Pi 1) that appear as modulations in auroral and VLF
emissions as well as in magnetic fields, and has included conjugate studies. Some sites pro-
vide the opportunity to study the coupling of solar wind energy to the magnetosphere and
ionosphere near the dayside polar cusp/cleft regions, the polar cap, and nightside auroral
regions. Others observe EMIC waves (Pc 1-2) in the region of the radiation belts.

2.9.1 Microwave Humidity Sounders

Microwave humidity sounders are intended to determine the atmospheric humidity
profile from observations around the 183 GHz water vapour absorption line (Eymard
2002). They have been operationally observing humidity profiles in low and mid-lat-
itudes since the launch of SSM/T2 aboard the DMSP-F11 satellite in 1992. However,
in the polar regions, the low water vapour content causes the weighting functions to
peak near the surface so that the profile can no longer be determined (Kuo et al. 1994).
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However, Miao et al. (2001) have suggested a procedure to determine Antarctic verti-
cally integrated water vapour column values up to 7 kg/m?. Later on, the method has
been extended up to 15 kg/m? by Melsheimer and Heygster (2008) by including obser-
vations around 90 GHz and information about the relation between the emissivities at
these frequencies. More systematic usage of the humidity in polar regions from these
sensors, which is based on the continuously available humidity sounders since 1999
(Table 2) requires a thorough validation with the retrievals based on surface observa-
tions, e.g. from radiosondes and GPS observations. The work of Triana-Gémez et al.
(2020) contributes to this goal with a scheme to screen artefacts in the water vapour
retrieval caused by the high ice content in convective clouds. The satellite-based sensors
of Table 2 all adhere to a Sun-synchronous orbit so that, provided a careful inter-cali-
bration is made, even the diurnal cycle can be sampled at different times for the whole
polar regions. Note that each sensor crosses the polar regions twice and at two different
times during one orbit, once with ascending and once with descending flight direction.
Until now, the diurnal cycle could only be observed at a few sites with GPS stations,
where the measurements were obtained continuously.

3 Long-term Scientific Achievements

This section gives a summary of results achieved through the exploitation of long-term
data series (from seasons to several years) acquired by the infrastructures described in
the first section.

3.1 Troposphere

Being the most important natural greenhouse gas and responsible for the largest known
feedback mechanism for amplifying climate change, the role of water vapour is crucial
in a warming climate. The water vapour radiation feedback is recognised as one of the
most important contributors for the Arctic amplification (the rate of the Arctic climate
change is two times larger than the global one), among other amplification factors (pole-
ward energy transports, snow/ice albedo and cloud-radiation feedbacks, Rinke et al.
2019). However, as atmospheric water vapour is highly variable, both in space and in

Table 2 Humidity sounders in

orbit, with platforms, launch Platform Sensor Launch year ECT (Local Time)
year i‘l‘q’;d;rf]f::("é‘g%e Equator— NoaAlS AMSU-B 1999 07:00

NOAAI16 AMSU-B 2000 21:00

NOAA17 AMSU-B 2002 07:00

NOAA18 MHS 2005 20:00

NOAA19 MHS 2009 20:00

Metop-A MHS 2016 09:30

Metop-B MHS 2012 09:30

Metop-C MHS 2018 09:30
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(2)

Fig.8 Monthly mean values of PW for representative months of summer and winter for (top) Antarctic
and (bottom) the Arctic, for the year 2007. Retrieval based on L1C NOAA-17 swath data, maps gridded
to 0.25°x0.25° using Gaussian weighting with 12.5 km search radius and 4 neighbours. Data from https://
seaice.uni-bremen.de/water-vapor/ in swath format. For details see Triana-Gémez et al. (2020)

time, measuring it remains a demanding and challenging task. This is in particular true
at high latitudes, where the amount of water vapour is minimal (see e.g. Alraddawi et al.
2018) and instrument operation sometimes difficult.

3.1.1 PW Retrieved by Microwave Humidity Sounders and Cross-Validation with GNSS,
Radiosondes and ERA-Interim Model

Continuous measurements by GNSS and regular measurements of precipitable water (PW)
by radiosondes provide surface-based measurements to complement remote sensing of PW
using humidity sensors on low Earth-orbiting satellites, which provide wide coverage, but
intermittent observations, over any particular location. One of the key challenges of PW
observations over high latitude regions is the low levels of PW in these areas. This para-
graph highlights the cross-calibration and synergism achievable by using complementary
instruments available in the polar regions.
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Different techniques have been used to detect atmospheric water vapour: satellite
microwave humidity sounders, GNSS, and radiosondes. The results have been compared
against each other and with the European Centre for Medium-Range Weather Forecasts
(ECMWF) Era_Interim model (Dee et al. 2011) values for the selected 2006-2007 time
period. In Fig. 8, the example of monthly means PW for each hemisphere is mapped in
winter and summer for 2007 (Triana-Gémez et al. 2020). They have been determined
from the daily data available at https://seaice.uni-bremen.de/water-vapor/ in swath for-
mat. For details see Triana-G6émez et al. (2020).

A climatological study of PW in the polar regions by Negusini et al. (2021), was
based on the 20-year time series (1998-2017) of GPS observations, acquired, among the
others, at five coastal Antarctic and Arctic stations as mapped in Fig. 9. The time series
have been processed, adopting homogeneous and consistent reprocessing strategies.
From the GPS data, 1-h average values of local integrated PW have been computed each
six hours (00:00, 06:00, 12:00, and 18:00 UTC). The GPS observations were sampled
every 30 s, with a cut-off elevation angle of 10°, corresponding to a 34 km footprint
diameter at 3 km height. The GPS results were validated using the radiosounding (RS)
measurements collected over the same periods and locations; RS data were analysed
minimising and removing the known error sources and the instrumental biases, cor-
recting raw pressure, temperature, and relative humidity measurements. The humidity
sounder data processed have been collected by the AMSU-B sensor onboard the NOAA-
17 satellite. For comparison, PW values were selected that satisfy the following two
conditions: (1) satellite data within + 1 h from the integrated GPS measurements (00:00,
06:00, 12:00, and 18:00 UTC) and (2) satellite path within a 50 km radius around the
GPS station. The ERA-Interim reanalysis dataset by ECMWF covers the period from
1979 to 31 August 2019 and, unlike in-situ observations, reanalysis data yields spatially
complete and coherent records of meteorological variables including PW. The horizon-
tal resolution is 1.5°x 1.5° each six hours (00:00, 06:00, 12:00, and 18:00 UTC). The
closest grid points to the 10 coastal GPS stations were considered.

The GPS, ERA-Interim, AMSU-B, and RS time series in Fig. 10 (Arctic) and Fig. 11
(Antarctic) present generally consistent patterns and reasonable seasonal evolution, with
dry winters and wet summers. There is no consistent dry or wet bias of one technique

Antarctic
P

120°E 60°W

80°E 100°W

60°E 120°wW

180°

Fig.9 Location of the GPS and co-located radiosonde stations in the Arctic (left) and Antarctic (right)
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Fig. 10 Time series of PW at five Arctic stations. Based on data from https://seaice.uni-bremen.de/water-
vapor/ in swath format. For details see Triana-Gémez et al. (2020)
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Fig. 11 Time series of PW at five Antarctic stations. Based on data from https://seaice.uni-bremen.de/
water-vapor/ in swath format. For details see Triana-Gémez et al. (2020)
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with respect to the others. In the Arctic (Fig. 10) the agreement between the datasets is
worse during the summer months, mainly due to “spikier” data, i.e. maxima in PW val-
ues. This is consistent with the results for the three Antarctic stations (Fig. 11) situated
at lower latitudes (Casey, Davis, Mawson). Moreover, ERA-Interim data in McMurdo
and Mario Zucchelli generally indicate lower PW than all other datasets. The seasonal
cycle is more pronounced in the Arctic than in Antarctica.

Scatter plots and regressions comparing the four datasets have been considered for
all the stations. Figure 12 shows the resulting fit parameters for the Arctic with sum-
mer and winter results separated. The highest correlations (0.94 and 0.96) are reached
between radiosondes and GPS, supporting the reliability of both methods. For evaluat-
ing the AMSU-B based retrievals, the GPS-based values were selected as they offer the
additional advantage of being available continuously, minimising the error caused by
the time lag between the observations.

Among the Antarctic cases, the AMSU-B retrieval shows the best agreement in terms
of high correlation coefficient R? and low Root-Mean-Square Deviation (RMSD) at
McMurdo. This corresponds to the low PW variability at this station, as seen in the
time series in Fig. 11. The influence of terrain elevation variation within the AMUS-B

| @ GPS vs AMSU-B A GPS vs ERA-Interim GPS vs Radiosondes

Arctic summer Arctic winter Antarctic year-round
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Fig. 12 Values of fit parameters intercept and slope of the regression line, correlation coefficient R%, bias,
and RMSD for the time series intercomparison at the ten GPS stations. RMSD (Root-Mean-Square Devia-
tion), bias and intercept are in kg/m?, slope and R? are absolute numbers
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Table 3 List of IGS stations

used in this paper with their Name City Country Lat(°) Lon(°) Alt(m)

geographic latitude and CAS1  Casey Antarctica —66.28 11052 39.41

longitude, and their altitude
DAV1 Davis Antarctica —68.58 77.97 27.14
FAIR  Fairbanks USA 64.98 —147.50 307.76
KIRU Kiruna Sweden 67.86 20.97 362.08
MAWI1 Mawson Antarctica —67.61 62.87 30.48
MCM4 Ross Island Antarctica —77.84 166.67 150.46
METS Kirkkonummi Finland 60.22 24.40 75.76
REYK Reykjavik Iceland 64.14 -21.96 26.56
SVTL  Svetloe Russia 60.53 29.78 60.98
SYOG East Ongle Island Antarctica —69.01 39.58 27.76
WHIT Whitehorse Canada 60.75 —135.22 1419.57
YELL Yellowknife Canada 6248 —114.48 207.61

footprint around the GPS station has been investigated with the global relief model
ETOPO1 (Amante and Eaktins 2009), leading to the conclusion that the terrain eleva-
tion variations play a minor role in the retrieval for this case study. Taking the retrievals
from all five Antarctic stations together, it has been found that, on average for the Ant-
arctic, PWy sy <PWgps < PWgeywr With all three average bias values below 0.6 kg/
m?.

The higher RMSD values in the Arctic summer correlate with higher disagreement seen
at PW values over 7 kg/m? for all methods. In the case of AMSU-B, such disagreement at
higher PW values can be explained by a change in the PW retrieval algorithm to another
mode which in addition uses the 89 GHz observations and needs a relation between the
150 GHz and 89 GHz emissivities which may not be as tight as the retrieval requires. How-
ever, this disagreement can also be seen between the other two methods and GPS-based
retrieval so that generally retrieval of higher PW values seems only to be possible with
higher uncertainty, for all investigated methods.

For all ten stations and seasons, the bias is smaller than the RMSD. Hence, the vari-
ability of data is larger than the systematic difference between the compared datasets. This,
coupled with the fact that the RMSD is of the same order as found for previous PW studies
at high latitudes (Buehler et al. 2012; Palm et al. 2010), corroborates the confidence in the
AMSU-B based PW retrieval.

The procedure introduced by Triana-Gomez et al. (2020) to retrieve PW from micro-
wave humidity sounders in polar regions offers daily Arctic-wide and Antarctic-wide maps
of PW. Such information has not been available before and is needed to improve polar
weather prediction and climate studies. For an operational use of the data, a more extended
validation is required for which the necessary GPS and radiosondes data are available.

As global warming is particularly pronounced in the Arctic (Arctic Amplification), a
stronger increase in PW is expected, which should be observed Arctic-wide. As the Cen-
tral Arctic is covered by the Arctic Ocean, the method will have to be combined with PW
retrievals over the open ocean based on satellite-based microwave imagers such as AMSR-
E and AMSR2. This merged dataset is in progress. Despite the present limitations of the
method, it performs adequately when compared to GPS. After a careful inter-calibration of
retrievals from different humidity sounders, climatological time series can be analysed for
trends and change patterns.

@ Springer



Surveys in Geophysics (2022) 43:1609-1698 1635

Because the Sun-synchronous orbits of the humidity sounders have different equator
crossing times and the swaths of consecutive orbits overlap at high latitudes, the diurnal
cycle, although expected small, can also be investigated on a hemisphere-wide scale.

3.1.2 Long-term Variability of the GPS-Derived Precipitable Water Vapour Retrievals
at High Latitudes

Three different datasets are used to investigate and interpret the long-term variability of
PW amounts at high latitudes (>60°). Firstly, the PW time series derived from the Inter-
national GNSS Service (IGS) reprol tropospheric product (Zenith Total Delays, ZTDs,
Byun and Bar-Sever, 2009), homogeneously reprocessed from 1996 to 2010, at 5 Antarctic
coastal sites and 7 Arctic sites form the basis of this study (see Table 3 for the site details).

Secondly, at those site locations, also UV/VIS PW satellite retrievals by GOME, SCIA-
MACHY and GOME-2 (called GOMESCIA hereafter), and thirdly Numerical Weather
Prediction (NWP) model reanalysis (ERA-Interim of the European Centre for Medium-
Range Weather Forecasts) PW are considered. The surface pressure at and the weighted
mean temperature above the GPS sites, needed to convert the ZTDs to PWs, are also taken
from ERA-Interim, but are corrected for an altitude difference between the model surface
grid and the GPS site. The GOMESCIA dataset used here is the “Climate” water vapour
product (Beirle et al. 2018), and is only available as monthly means. At the winter months
of the highest latitude sites (especially at Antarctica), no measurements are available for
GOMESCIA. To compare different datasets, we therefore show the correlation coefficients
between the available PW monthly means in Fig. 13. Two main conclusions can be drawn

GOMESCIA vs. GPS ERA—Interim vs. GPS

Fig. 13 Correlation coefficients between the monthly means of GOMESCIA and GPS (left) and ERA-
Interim and GPS (right) for the Arctic stations (upper panels) and the Antarctic stations (lower panels)
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from this figure: (1) the datasets compare better with each other for the Arctic than for the
Antarctic sites, and (2) the agreement between GPS and ERA-Interim is better than the one
between GPS and GOMESCIA, the purely observational datasets. We should mention here
that no GPS-based dataset is assimilated in the ERA-Interim reanalysis.

The linear trends, calculated as the slope of the linear regression line fitted (by minimis-
ing the least squares) through the monthly anomaly PW time series during the 1996-2010
period, are shown in the three upper panel plots of Fig. 14 for different datasets. Overall,
a moistening occurs for most of the sites at both the Arctic and Antarctic during this time

WV ERA-Interim WY ERA-Interim

[

"2 4 6_8 10 12
8gs8 N

Fig. 14 PW trends [%/decade] for GPS, GOMESCIA, and ERA-Interim (from top to bottom) for the period
Jan 1996-Dec 2010 for the Arctic (left) and Antarctic (right sites). For illustration, the lowest panels show
the ERA-Interim surface temperature trends [°C/decade] for the same period
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GPS SYOG GOMESCIA KIRU

WV [mm]

Residuals 0BS — FIT
Residuals 0BS — FIT

2000 2005 2010 2000 2005 2010

Fig. 15 Examples of the stepwise multiple linear regression fits (in red) to (left) the GPS monthly mean PW
time series (in black) of SYOG (East Ongle Island, Antarctica) and (right) the GOMESCIA PW time series
(in black) of KIRU (Kiruna, Sweden). The lower panels show the residuals between the observations and
fitted time series of the upper panels (black minus red), with a linear fit to the residuals in blue (negative
trend in both cases, but not significant)

frame, which seems to be associated with a warming (see lower panels of Fig. 14). The
spatial consistency in the sign and the magnitude of the trends, at both the Arctic and the
Antarctic sites, seems higher between GPS and GOMESCIA than for ERA-Interim. Par-
racho et al. (2018) also concluded that the uncertainties in current reanalysis like ERA-
Interim remain quite high above Antarctica, and the spread between models is important.
Rinke et al. (2019) found that four reanalyses agree on the spatiotemporal trend patterns
for the Arctic, but substantially disagree on the regional trend magnitudes. If we average
out different PW trend estimates, we found the highest moistening over Antarctica (GPS:
7.4+3.2%/decade, GOMESCIA: 4.9 +4.2%/decade, ERA-Interim: 0.8 + 2.5%/decade), but
a closer agreement between the mean moistening values over the Arctic (GPS: 2.7 +2.3%/
decade, GOMESCIA: 2.4+3.0%/decade, ERA-Interim: 3.3 +2.2%/decade). However,
taking into account the effect of auto-correlation and variability (see e.g. Weatherhead
et al. 1998) 15 years of monthly data are not enough to detect a trend with a magnitude of
0.3 mm/decade (largest Arctic reanalysis median trend, Rinke et al. 2019) at a 95% confi-
dence level with probability 0.90.

Therefore, we concentrate on the interpretation of the inter-annual variability, not nec-
essarily dominated by one linear trend, by means of a stepwise multiple linear regression.
With this approach, we fit the monthly means of different PW time series by the sum of the
long-term means, a linear trend, and the monthly mean time series of candidate explanatory
variables, if contributing statistically significantly to the PW variability. These explanatory
variables are surface meteorological variables like temperature, pressure, precipitation (this
latter only for the Arctic sites), but also teleconnection patterns (e.g. recurring and persis-
tent, large-scale patterns of pressure and circulation anomalies that span vast geographical
areas, see Van Malderen et al. 2018; Wagner et al. 2021) or climate/oceanic indices like
the North Atlantic Oscillation (NAO), the El Nilo Southern Oscillation (ENSO), etc. In
general, the stepwise multiple linear regression fits are obtained by a procedure for which
the following sequence of steps is performed: (1) explorative assessment of possible rela-
tionships between explanatory variables and PW by means of correlation maps, (2) check
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the independence of the explanatory variables and remove those variables which have a
strong correlation, (3) fit the monthly PW time series with all remaining explanatory vari-
ables individually, and (4) stepwise fit by including in each step an additional explanatory
variable, in sequence of their explained variance derived in the previous step; only keep
the variables which contribute significantly to the regression. A detailed description of the
method can be found in Van Malderen et al. (2018) and the regression fits are shown for 2
sites (SYOG and KIRU) in Fig. 15, where examples of the stepwise multiple linear regres-
sion fits are presented (upper panel). The lower panels show the residuals between the
observations and fitted time series of the upper panels. The used variables in the multiple
linear regression equation were:

e For SYOG: the PW the long-term means, the surface temperature, the Atlantic Multi-
decadal Oscillation, the Stratospheric Aerosol Optical Depth, the Pacific Decadal
Oscillation, and the Tropical Southern Atlantic Index (explaining 91.56% of the vari-
ability);

e For KIRU: the PW long-term means, the surface temperature, the precipitation, the Eli-
assen-Palm flux, the Atlantic Multidecadal Oscillation, the North Atlantic Oscillation,
the East Atlantic/West Russia oscillation, the Scandinavia and the Polar/Eurasia index
(explaining 93.63% of the variability).

First of all, we found that the multiple linear regression fits explain very high per-
centages of the PW variabilities, both for the Arctic (GPS: 97.25%, ERA-Interim:
97.51%, GOMESCIA: 93.12%) and the Antarctic (GPS: 91.59%, ERA-Interim: 94.73%,
GOMESCIA: 91.50%) and for the three datasets. The GOMESCIA PW time series do not
fit as well, especially for the Arctic stations. The explained variabilities are higher for the
Arctic sites than for the Antarctic sites, which might be explained by the fact that a higher
number of explanatory variables is actually used in the regression for the Arctic sites. As
a matter of fact, for all Antarctic sites and the three datasets used, the surface tempera-
ture is used as explanatory variable in the regression analysis, and explains the bulk of the
remaining variability, after the long-term PW mean. For about half of the Antarctic sites,
the Atlantic Multidecadal Oscillation (AMO) is also an important proxy in terms of the
explained variability. As the AMO has a strong seasonal signal in its time series, the selec-
tion might be triggered by remaining seasonality in the time series, which could not prop-
erly be accounted for by the surface temperature and the long-term means. For the other
explanatory variables, there is less consistency in their use for different sites and datasets.
As the AMO does not show a clear trend, the surface temperature increase seems to be the
main driver for the observed moistening over Antarctica.

For almost all the Arctic sites, besides the long-term means, also the surface tempera-
ture, tropopause pressure, and precipitation are present in the regression fits as explanatory
variables, for the three datasets. The dominant presence of the tropopause pressure (and
explaining high percentages of the variability for the North American Arctic sites) might
be explained by the link of the PW variability with the time variability of the vertical extent
of the troposphere, in which the bulk of the water vapour resides. Next to those meteoro-
logical variables, several indices related to the location of the North Atlantic jet stream and
storm track, transporting heating, moisture, and momentum from eastern North America
to western and central Europe, are also retained as explanatory variables. In particular, the
North Atlantic Oscillation index is present in about 75% of the North American stations for
the three datasets, while for the European sites, the East Atlantic, East Atlantic/West Rus-
sia and Polar/Eurasia indices are prominent. Their associated temperature and precipitation

@ Springer



Surveys in Geophysics (2022) 43:1609-1698 1639

patterns are indeed situated in Europe (see http://www.cpc.ncep.noaa.gov/data/teledoc/
telecontents.shtml). In contrast with its presence for the Antarctic sites, the link between
the Atlantic Multidecadal Oscillation, also frequently present as explanatory variable, and
the PW variability of the Arctic sites is scientifically well established.

We also conclude that the Antarctic moistening seems to be dominantly driven by the
surface warming there, while the Arctic PW variability at the sites can be explained by the
combination of surface temperature, tropopause temperature, precipitation, and the North
Atlantic atmospheric circulations.

3.2 Atmosphere, Mesosphere, and lonosphere Coupling

For many years gravity waves (GWs) were extensively studied mainly at low and mid-lat-
itude (see, e.g., review by Hocke and Schlegel, 1996; Oyama and Watkins 2011). GWs
in the auroral ionosphere are still less understood. Furthermore, higher-frequency waves
(acoustic waves, AWs) were poorly investigated because the standard mode of ionosonde
operation typically is one sounding per 15 min. Therefore, to make further progress in this
field, more frequent observations at high latitudes are required. Such observations are avail-
able from the Sodankyld Geophysical Observatory (SGO) ionosonde, located in the auroral
zone, operating with a time resolution of 1-min. Kozlovsky et al. (2013) used this iono-
sonde data to study travelling ionospheric disturbances (TIDs) during the interval 10-16
local time. Their analysis shows that TIDs of periods from 5 min to 2 h exhibit minima in
winter and maxima in summer. These annual variations anticorrelate with variations in true
height, namely, the largest relative amplitudes occur in summer, when TIDs were observed
at minimal heights. The authors suggest that the summer increase in shorter-period TIDs is
due to the lowering of the reflection to the height where the Brunt-Viisild period is smaller
and, hence, shorter-period GW exist. The authors also showed that the summer maxima
were most prominent during minimal solar activity and that this annual variation seems
less prominent when solar activity increases.

Obtaining high-rate data from the mesosphere-lower thermosphere region is a chal-
lenge, and continuous ground observations of the mesospheric wind and temperature in
the vicinity of the stratospheric polar vortex edge are still rare. Furthermore, sudden strato-
spheric warming (SSW) manifestations, often observed in the northern hemisphere, at the
polar high altitudes > 100 km are even less experimentally documented than those in lower
altitudes. A network of instruments allows for their detailed study (Lukianova et al. 2015;
Rietvield et al. 2008). SSW observations in the southern hemisphere are rare, especially
the strong ones. This is attributed to the topography and weaker planetary wave forcing,
however, there is a smaller network of ground-based instruments for observations (Kriiger
et al. 2005; Yamazaki et al. 2020).

In the northern hemisphere, the ionosonde measurements routinely performed at SGO
provide an important new data set. Lukianova et al. (2015) studied mesosphere-ionosphere
anomalies using data recorded by the rapid-run SGO ionosonde during a period around the
major SSW of 2009. They found among other the following features:

1. Mesospheric cooling is almost of the same value as stratospheric warming (~ 50 K), but

the former decay faster than the latter. Furthermore, the mesospheric minimum occurs
1 day ahead of the stratospheric maximum.
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2. Just after the mesospheric temperature reaches its minimum, the GWs occurrence in
the ionosphere with periods of 10—-60 min decay abruptly while the GWs with longer
periods are not affected. The effect of such weakening of the mesosphere-ionosphere
coupling may be explained by selective filtering and/or increased turbulence near the
mesopause.

In addition to the SGO ionosonde, the dynasonde located in Tromsg, with typically
6-min time resolution, is available (Rietveld et al. 2008) and revealed to be an interesting
further resource to study the thermospheric gravity wave activity (Zabotin et al. 2015).

In the southern hemisphere, airglow all-sky imagers have been used since 2007 at the
Brazilian Antarctic Station (EACF) to investigate mesospheric gravity waves, from which
data it is possible to obtain the GWs properties as horizontal wavelength, period, phase
speed and propagation direction (Bageston et al. 2009, 2011a, b). More recently, the VLF
measurements at EACF also started to be used to characterise the GWs in the lower iono-
sphere. GWs produce fluctuations of the electrical conductivity in the D region, which are
detected as VLF amplitude and phase variations. So GWs parameters, such as period and
time duration, can be obtained from the spectral analysis of VLF signal fluctuations (Cor-
reia et al. 2020).

3.3 Climatology of the lonosphere

Long-term studies of the polar ionosphere have been made using various techniques
including VLF, GNSS-TEC, auroral imaging, ionosondes, scintillation monitors, riometers,
satellite in situ data, SuperDARN radars, and combinations of these instruments.

To obtain a climatological assessment of the polar ionosphere the description of the
medium should be done for at least one solar cycle to account for different levels of solar
activity. A purely empirical approach is not always applicable because of the paucity of
data, both in terms of the length of the series and coverage. In these cases, the use of cli-
matological models can support the reconstruction of the full picture. The most completed
data series are those derived from the ionosonde observations because the vertical sound-
ing was the first experimental setup put in place to probe the ionosphere. At high latitudes,
the coverage and the data availability are limited due to severe environmental conditions.
Nevertheless, to date, the scientific community can rely on almost six solar cycles worth
of data also thanks to contributions made during the International Geophysical Year IGY)
(Alfonsi et al. 2008a and references therein). Thanks to these contributions, several empiri-
cal and semi-empirical models have been proposed to reconstruct the global behaviour of
the ionosphere (including the high latitude ionosphere). Among others, we mention the
International Reference Ionosphere (IRI) and the NeQuick models. The IRI model is based
mainly on ionosonde data and supported by measurements acquired by incoherent scatter
radars, the ISIS and Alouette topside sounders, and in situ instruments on several satellites
and rockets (https://iri.gsfc.nasa.gov/). The NeQuick model is based on a series of electron
density profiles derived from the inversion of ionograms (https://t-ict4d.ictp.it/nequick?2)
(Radicella and Leitinger 2001; Nava et al. 2008; 2011).

A purely empirical assessment derived from historical ionosonde data is the primary
resource of several papers that investigated possible signatures of anthropogenic (green-
house effect; Rishbeth 1990) and natural (geomagnetic variation; Mikhailow and Marin
2001) phenomena possibly affecting the long-term changes of the ionosphere (LaStovicka
2017). In this framework, some attempts have been made to study the climatology of the
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ionosphere at high latitudes (Alfonsi et al. 2008b and references therein; Roininen et al.
2015 and references therein).

The riometer data, accounting for the absorption of the cosmic radio noise by free
electrons in the ionosphere, can provide important information on the ionospheric
conditions affecting HF communication at high latitudes. Statistical analysis of riom-
eter data, when compared to the flux of the precipitating electrons, can reveal the loss
of electrons from the magnetosphere (see, e.g., Kellerman et al. 2015 and references
therein). Continuous monitoring of energetic particle precipitation by riometers allows
long-term global studies, such as statistical behaviour of solar proton and electron pre-
cipitation impact regions in the atmosphere (e.g. Kilpua et al. 2020; Heino et al. 2019;
Heino and Partamies 2020). The two-dimensional CNA distribution, in turn, facilitates
more detailed spatial distribution studies of hard precipitation regions in comparison
with other observations (e.g. Grandin et al. 2017a,b). The new spectral riometer meas-
urements will provide better means of inverting the actual D-region electron density
profiles, and consequently the energetic particle precipitation spectra, from the riometer
data (Kero et al. 2014).

As mentioned in Sect. 1, since the early measurements in 1965, the Sodankyld Geo-
physical Observatory has operated and maintained the Finnish Riometer Chain, having
long-term continuous riometer observations at Kevo (L=6.5), Kilpisjarvi (L=5.9), Ivalo
(L=5.5), Sodankyld (L=5.1), Rovaniemi (L =4.8), Oulu (L=4.3), and Jyviskyld (L=3.7).
Furthermore, in collaboration with the University of Lancaster (UK), riometers have been
operated in Abisko (L=5.6), in Ramfjord (L =6.45), in Hornsund (L=13.1), as well as the
imaging riometer IRIS (L=5.9). Concerning the magnetosphere, these stations are located
in L shells between 3.7 and 6.5, i.e. mapping all the relevant magnetic latitudes of the outer
Van Allen radiation belt and the auroral oval and hence providing a unique spatial coverage
for monitoring various energetic particle precipitation populations.

In their early paper, Ranta and Ranta (1977) concluded, by using the Finnish riom-
eter chain data, that the diurnal variation in absorption has one maximum near noon at
latitudes <62°N and two maxima, one in the morning and another at midnight at lati-
tudes > 62°N. The first maximum is associated with the solar controlled photochemistry
(recombination) and the latter was found to be magnetospherically controlled, i.e. at the
northern stations (Kevo, Ivalo, Sodankyld, Oulu) the riometer absorption was found to cor-
relate much better with magnetic activity than with sunspot number. Since then the riome-
ter chain data has been used in various long-term and case studies of space weather-related
ionisation events, such as electron precipitation, solar proton events, and solar X-ray flares,
in the polar latitudes. Some of the recent studies are listed in the next section.

Kilpua et al. (2020) studied electron precipitation associated with the interplanetary
coronal mass ejections (ICME), i.e. the coronal mass ejection observed close to the Sun
(CME) when it moves in the interplanetary space. In their superposed-epoch-analysis of
the riometer chain data gathered during 1997-2012, they found that the fraction of ICMEs
causing enhanced absorption was high (mostly 80%-95%) at auroral latitudes (IVA, SOD,
and ROV) and the sub auroral station, OUL, but dropped clearly at the lowest-MLAT sta-
tion, JYV. In particular, the impact of the so-called "sheath" periods of the ICMEs were
found to be considerably lower at JYV than at the other stations. In a somewhat similar
statistical manner, Grandin et al. (2017a) studied the impact of the solar wind high-speed
streams on the high-latitude ionosphere. These events were divided into two categories,
labelled “long” and “‘short”, depending on the duration of the solar wind speed increase
to a maximum value. They found that the long events produced more CNA events than
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Fig. 16 Correlations between CNA and optical data are seen by Grandin et al. (2017b). Panel a Position
of the KAIRA beams number 1, 2, and 3 on an example Kilpisjérvi all-sky image. Panel b Time series of
the 427.8 nm auroral emission (blue) and cosmic noise absorption (orange) between 02:00 and 02:35 UT
within KAIRA beam number 1. Panel ¢ correlation between cosmic noise absorption and 427.8 nm auroral
emission. Panel d as panel b, but zoomed in. Panel e high-pass-filtered optical (blue) and CNA (orange)
data

the short HSS events and produced CNA down to L=4.5, but at L=3.8 the CNA was not
noticeably affected by HSS events.

One of the several riometer studies has focused on the energetic electron precipitation
caused by pulsating aurorae. Grandin et al. (2017b) used the individual spectral riometer
beams of the KAIRA facility in conjunction with the pulsating aurora patches and found
a clear pulse-to-pulse correlation with the cosmic radio noise absorption and the opti-
cal signals (Fig. 16). This was the first direct observation of the one-to-one correlation
between the pulsating aurora optical signatures and an identical modulation found in the
high-energy precipitation flux using spectral riometry (Kero et al. 2014).

Tesema et al. (2020) combined a dataset of All-Sky auroral images, EISCAT radar
experiments, and KAIRA riometer data to study the energetics of different types of pulsat-
ing aurorae, i.e. amorphous pulsating aurora (APA), patchy pulsating aurora (PPA), and
patchy aurora (PA). Their findings suggest that the precipitating electrons responsible for
APA have a lower energy range than PPA and PA types. Among the three categories, the
magnitude of the maximum electron density shows higher values at lower altitudes and
in the late magnetic local time (MLT) sector (after S MLT) during PPA than during PA or
APA. They also found significant ionisation down to 70 km during PPA and PA, which
corresponds to energy levels of ~200 keV of the precipitating electrons.

Another focus area in riometer studies has been Solar Proton Events (SPEs), especially
for verifying the cut-off magnetic latitudes of these events (see, e.g., Rogers et al. 2016;
Heino et al. 2019; Heino and Partamies 2020).

In addition to the detection of energetic particle precipitation, the riometer technique
can be used also for investigating photoionisation events, most notably Solar X-ray Flares,
as most recently done by Ogunmodimu et al. (2018) by using the IRIS imaging riometer
data.
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In recent decades, additional data sources have been used for reconstructing the long-
term behaviour of the ionosphere. On the ground, the HF backscattering data from the
SuperDARN network and the EISCAT, Poker Flat Incoherent Scatter Radar (PFISR) and
Resolute Bay Incoherent Scatter Radar (RISR) campaigns gave a significant input. For
instance, the SuperDARN line-of-sight velocity data collected in the two hemispheres
allowed us to derive a climatological model of the ionospheric convection parameter-
ised by the Interplanetary Magnetic Field (IMF) condition and the dipole tilt angle (Pet-
tigrew et al. 2010). More than 30 years of data from the EISCAT Tromsg radar have
been recently analysed by Bjoland and collaborators (2017) to study the features of the
E-region ion temperature and the peak height of the Hall conductivity. Vickers et al.
(2014) used the EISCAT Svalbard radar to study the quiet-time (Kp < =2) polar neutral
thermosphericdensity change at 350 km altitude over 13 years (2000-2012). They found
a~5% decrease over 13 years, which is consistent but slightly greater than previous sat-
ellite drag studies at lower latitudes. Yamazaki et al. (2017) used the EISCAT Sval-
bard (1999-2014, 16 years) and Tromsg UHF (1981-2014, 34 years) radars to study ion
field-aligned velocity climatology for both geomagnetically quiet (Kp<2+) and active
times (Kp>3-). They found during daytime, the direction of the average field-aligned
ion velocity reverses from downward to upward around 350 km. The reversal height
increases with solar activity. During nighttime, the average field-aligned ion velocity is
predominantly upward at all heights from 175 to 475 km. The magnitude of the night-
time field-aligned ion velocity increases with geomagnetic activity. The magnitude of
the average field-aligned ion velocity is on the order of 10 m/s. The results were similar
for both the polar cap (Svalbard) and auroral oval (Tromsg).

On shorter time scales (of a few years), the in-situ data, such as those provided by
CHAMP, COSMIC, and Swarm satellites, can also provide additional insights into
the ionospheric climatology. For example, Arras et al. (2008) published a study on the
global distribution of sporadic E derived from small-scale fluctuations of the GPS L1
SNR (Signal-to-Noise Ratio) applied to CHAMP, GRACE, and FormoSat-3/COSMIC
radio occultation measurements. Another example of climatological study from in situ
data is given in the paper by Spicher et al. (2017) that presents the spatial and seasonal
distributions of the polar cap patches, which are regions of enhanced plasma density
which can result in significant plasma structuring, identified by the Swarm satellites
between December 2013 and August 2016. Using the RISR Canadian face data (RISR-
C), Ren et al. (2018) statistically analysed the plasma properties of polar cap patches,
including vertical profiles of plasma density, temperature, flux, and their day-night
asymmetries. Recently, Ren et al. (2020) used three years of PFISR data and character-
ised the ion upflow and downflow in the subauroral and auroral zone. They found that
ion upflows occur more often on the nightside than on the dayside and are often asso-
ciated with plasma temperature and density enhancements. The upflows also prefer to
occur during enhanced solar and IMF drivers and geomagnetic activities.

The climatology of the ionospheric scintillation was first provided through the
use of semi-empirical models, such as the WideBand MODel (WBMOD) (Fremouw
and Secan, 1984). The WBMOD is a global model based on a collection of empiri-
cal models that describes the geometry, orientation, strength, and motion of the ion-
ospheric irregularities, combined with a propagation model that calculates the effects
these irregularities will have on a given system. An upgrade was released to model the
ionospheric scintillation at high latitudes (Secan et al. 1997). Another semi-empirical
tool, the WAM model, has been proposed to reproduce the high latitude scintillation
(Wernik et al. 2007). An alternative attempt to scintillation modelling has been done by
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Beniguel (2002), who proposed the Global Ionospheric Propagation Model (GIM). Like
the WBMOD, the WAM and GIM combine the information provided by in-situ electron
density data with a propagation model to provide the scintillation climatology.

With the beginning of the GPS era in the 1990s, the exploitation of GNSS signals
from ground-based receivers opened the possibility to derive an empirical climatology
of TEC and ionospheric scintillation in high latitude regions. Among the pioneers are
Spogli et al. (2009), Prikryl et al. (2011) and Jiao et al. (2013).

3.3.1 VLF and GNSS to Identify the Long Term Main Features of the lonosphere

The AARDDVARK VLF network has been applied to the long-term determination of
energetic electron precipitation into the auroral atmosphere (Neal et al. 2015) and for
the development of a model of energetic electron precipitation during geomagnetic
storms (Van de Kamp et al. 2016). VLF has also been used in long term studies such
as the one from Cresswell-Moorcock et al. (2015) which are necessary to model the
diurnal changes in narrowband signal phase and amplitude caused by solar irradiance
so that short-term variations such as those caused by flares (and other phenomena such
as solar proton events, particle precipitation, etc.) can be identified accurately from VLF
data.

The TEC as observed using geodetic GNSS receivers in the polar regions has been
used for several long-term studies of the polar ionosphere in combination with VLF and
scintillation studies. The long-term maximum daytime (12:00 LT) ionospheric electron
density variations were investigated from GPS-TEC and VLF observations at Estacdo
Antartica Comandante Ferraz (EACF, 62.1°S, 58.4°W) from 2004 to 2011. The obser-
vations have shown the following long-term variation that is controlled by the 11-year
solar cycle (Correia et al, 2011, 2013a,b): the ionospheric conditions are affected by
electrodynamic processes, which during quiet geomagnetic periods are associated with
the seasonal variation in the solar illumination and with the 11-year solar cycle. These
processes can result in steeper electron density gradients in the ionosphere and strong
irregularities, which produce fluctuations in the amplitude and phase of GNSS signals.
Moreover, the long-term daytime GPS-TEC at the geomagnetic mid-latitude station
EACF showed that its correlation with solar radiation intensity is different between the
summer and winter seasons. In winter the GPS-TEC at EACF shows no significant cor-
relation with solar flux, which can be attributed to the high solar zenith angles dur-
ing this season (Correia et al, 2013a). In summer the GPS-TEC is higher during low
solar activity, but when the solar activity increases TEC is higher during the equi-
noxes (Correia et al. 2013a). Similarly, using GPS TEC measurements for a duration
of 5 years (2013-2017), Shreedevi et al 2019 studied the morphological variations in
the plasma density at the Indian Antarctic station Bharati (69.40 S, 76.18 E; 76.69S
MagLat, 126.93E MaglLon) during both quiet and magnetically disturbed periods. They
showed that plasma density at the polar cusp station Bharati during magnetically quiet
periods exhibit semi-annual variation and a strong dependence on solar activity. Based
on the nature of plasma density variations during 23 geomagnetic storm events (dur-
ing 2013-2017), the storm time response of the TEC at Bharati was shown to depend
on the onset time of the storm. Further, they concluded that the dynamic nature of the
location of the polar cusp station with respect to the position of the polar cap played
an important role in deciding the plasma distribution at Bharati. These results are in
agreement with the importance of the solar flux intensity and solar zenith angle on
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the ionosphere ionisation processes, especially at higher latitudes (Bhawre et al. 2011;
Purohit et al. 2011). The winter anomaly was not observed in the GPS-TEC measure-
ments acquired at EACF, which is in agreement with Torr and Torr (1973) and Zhao
et al. (2007). They also observed peak electron densities higher in summer than win-
ter in the South Pacific-South Atlantic regions, and suggested this was due to parti-
cle precipitation in these regions, that surround the South Atlantic Magnetic Anomaly
(SAMA). On the other hand, the amplitude of VLF signals shows the maximum daytime
amplitude and presents a strong day-to-day variation during wintertime, as evidenced by
the observations using different VLF paths mostly located in one hemisphere (Correia
et al. 2011, 2013b). These variations in the VLF amplitude were attributed to density
fluctuations produced by the 16-day planetary waves of stratospheric/tropospheric ori-
gin (Correia et al, 2011, 2013b). The lower parts of the ionosphere might be affected by
the 16-day planetary waves that might modulate the 12 h tide, which is used to explain
the observed variations in the mesosphere-lower thermosphere region, and are attrib-
uted to a non-linear interaction of the tide with planetary waves (Pancheva et al. 2002).

Bergeot et al. (2014) characterised the differences in the ionosphere-plasmasphere cli-
matological patterns of TEC over Antarctica. They reprocessed the GNSS (GPS+ GLO-
NASS) data available from 1999 up to 2020 for stations situated at latitudes below 50°S
using the ROB-IONO software (http://www.gnss.be/Atmospheric_Maps/ionospheric_
maps.php#Refraction_less). The entire network comprises stations with observation dura-
tion from 60 days to more than 18 years and with more than 80 stations after 2010. The
output consists of slant TEC (STEC) estimated every 30 s between every station/satellite
pair. Then the sTEC is projected to vertical, vVTEC, at ionospheric pierce points (IPPs)
using a mapping function (Mannucci et al. 1993) with thin shell layer at 450 km. Only data
observed along ray paths with elevation angles greater than 40° were considered to avoid
as much as possible the effect of multipath signals. When using a thin shell layer to esti-
mate the IPP coordinates (Wild 1994), they estimated a daily position of all the stations in
the entire network based on a pseudo-range solution using the GAMIT processing software
(v10.61; Herring et al. 2018). The estimated vTEC data set is then employed to constrain
an empirical model to predict the IPTEC from the F10.7P solar index (i.e. the mean of
daily F10.7 of the day of interest and its average over the previous 81 days) as input using
a least-square adjustment. To minimise the differences between the modelled and observed
VvTEC at IPPs they considered: (1) an eight-order polynomial function with monthly coef-
ficients between the vTEC and F10.7P; (2) a discretisation concerning different zones over
Antarctica region to highlight different climatological patterns. The resulting model per-
mits the estimation of the vTEC at a given location and specific time in Coordinated Uni-
versal Time (UTC), Solar Local Time (SLT), and Magnetic Local Time (MLT) in each
zone. From the output of this model, they focused on a specific region above the Antarctic
Peninsula (Zone 16, top on Fig. 17) and the Eastern part of the continent (Zone 11, bottom
on Fig. 17).

Regarding the resulting models in Fig. 17, we highlight the fact that the vTEC clima-
tological patterns over Antarctica vary significantly with the location. Above the Antarc-
tic Peninsula, the maximum vTEC occurs during the evening and afternoon times for the
three time definitions and should be due to the Weddell Sea Anomaly which is nowadays
explained by longitudinal changes in the neutral winds and neutral densities (e.g. Richards
et al. 2017). During the winter season SLT noon TEC maximum occurs over the Antarctic
Peninsula. In comparison, in the Eastern part of Antarctica, there is no clear variation over
the year in the vTEC in SLT and MLT, with a maximum around local noon during the
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Fig. 17 Monthly climatological behaviour of the vTEC for an identified pattern and three different time def-
initions: solar local time (SLT, red), UTC (green), and magnetic local time (MLT, blue). The coloured lines
are the diurnal variation in the vTEC (the grey line is noon) for medium solar activity level (F10.7P=120
sfu). The spread of the colours stands for low and high solar activity (F10.7P=80 and 160 sfu, respec-
tively). Top: for the Antarctica Peninsula region. Bottom: for the eastern part of the continent. On the right
are the corresponding time of occurrence of maximum (bold lines) and minimum vTEC (dashed lines) with
the internal circles representing the month of the year with December at the centre of the picture

entire year meaning less impact of external forces (i.e. neutral atmosphere variations) than
the solar elevation angle.

3.3.2 lonospheric Scintillation Studies Using GNSS Data

Tonospheric scintillation is characterised by S4, the amplitude scintillation index derived
from amplitude fluctuations averaged over 60 s, and G4, the phase scintillation index
typically derived from phase fluctuations averaged over 60 s (Fremouw et al. 1978).
When studied with GNSS receivers, both S4 and o4, are derived from 50 Hz measure-
ments at the L1 frequency. The scintillation climatology can be derived by assessing the
occurrence of the two indices above certain thresholds. A key issue is the choice of the
cut-off frequency adopted to derive the phase scintillation index. Such choice can jeop-
ardise the proper assessment of the phase scintillation level and it is currently a matter
of debate on the definition of scintillation. Indeed, some recent papers support the defi-
nition of scintillations as due to the sole diffractive (stochastic) effects, claiming that the
deterministic contribution to the refractive effects can be mitigated through an adaptive
choice of the cut-off frequency. Such a choice would lead to a reduction in the “phase-
without-amplitude scintillation occurrence” (Mushini et al. 2012), possibly due to the
choice of a fixed cut-off frequency of 0.1 Hz (Van Dierendonck et al. 1993) for phase
detrending. In this framework, some promising attempts to find the optimal choice
have been made by Niu et al. (2012), Wang et al. (2018), Mc Caffrey and Jayachandran
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(2019), Ghobadi et al. (2020) and by Spogli et al. (2021). To assess the scintillations
climate, the challenge is to find the “best” cut-off frequency to filter long-term (years)
data series. De Franceschi et al. (2019) have demonstrated that this is not an easy task.
For scintillation derived from GNSS ionospheric data suitable metrics and even a univo-
cal definition of scintillation have not yet been agreed upon by researchers in the field.
The analysis of the ionospheric scintillation is often made to infer the physics of the
perturbed plasma, in terms of scale sizes and dynamics of the ionospheric irregulari-
ties. For the mitigation and prediction of the GNSS signal corruption due to scintilla-
tions, the analysis is focused mainly on the diffractive (stochastic) effects, which are
hard to forecast and mitigate. In turn, the advancement of knowledge about the irreg-
ularities causing scintillations boosts the improvement in space weather tools. There-
fore, the question is whether the deterministic effects can be included in the scintillation
term. Since these effects are associated with the dynamics of the ionosphere, their study
is crucial to assess the scenario potentially disruptive for GNSS signals propagation.
In the end, stochastic and deterministic effects on the propagation of the radio signals
should be both taken into account for scientific studies and space weather applications,
but referring to pioneer and review works (Yeh and Liu, 1982; Rino, 2011) the term
scintillation should be associated with the stochastic contribution from diffraction.

As a new contribution to the climatological assessment of TEC gradients and scintil-
lations, we propose an unprecedented climatological assessment of ionospheric scin-
tillations and TEC gradients at Antarctic sub-auroral/auroral latitudes observed from
the South African Antarctic station, SANAE IV (71°4022"S, 2°5026"W), and from

MLT 12:00 / UT 14:00

“_ MLT 06:00 / UT 08:00

/‘>
» Tod \E '
| |
L\ O

MLT 18:00 / UT 20:00

Quiet conditions 1Q=0
Disturbed conditions 1Q=6

Fig. 18 Position of the poleward and equatorward boundaries of the Feldstein auroral oval for quiet (IQ=0,
black lines) and disturbed conditions (IQ =6, red lines) at 12 MLT (top), 6 MLT (right), 00 MLT (bottom)
and 18 MLT (left). The corresponding UT time is also reported in the figure. Black and blue dashed lines
indicate the field of view at 350 km spanned by the receivers located at SANAE (black dot) and Troll (blue
dot) considering an elevation angle mask of 30°
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the Norwegian one, Troll (72°00'42"S 2°32'06"E). The receiver in SANAE is a Sep-
tentrio PolaRxS receiver, while Troll is equipped with a NovAtel GPStation-6. The
GPStation-6 receiver was installed at Troll in December 2017 (Skjaveland et al. 2021).
PolaRxS and GPStation-6 provide access to ionospheric delay and related measure-
ments from not only the GPS of navigation satellites but also from the Russian GLObal
NAvigation Satellite Systems (GLONASS) and European Galileo satellites. The field of
view of the GNSS satellites in view from the stations is mainly sub-auroral, but under
perturbed geospace conditions the station can enter the auroral oval (Fig. 18) according
to the Feldstein model, the boundaries are identified by the black curve for quiet and the
red curve for disturbed conditions, respectively (Holzworth and Meng, 1975).

To assess the multipath contribution to the received signal, analysis of the site charac-
terisation has been made evaluating the variation in the mean Code Carrier standard devia-
tion of the signal concerning the elevation angle. Such quality check (not shown) suggests
applying an elevation mask of 30° to the scintillation dataset. Moreover, the high noise
level recorded on the GLONASS signals and the analysis of data gaps, confine the con-
sidered dataset to the years 2017 and 2018 on the signals transmitted by GPS and Galileo
satellites. Our assessment of TEC and ionospheric scintillations shows the frequent occur-
rence of moderate to high o4, levels (64 >0.25 radians). The S4 climatological behaviour
testifies an infrequent occurrence of moderate amplitude scintillation (S4>0.25). The o4
index considered in our analysis is provided by the receiver firmware applying a cutoff
frequency of 0.1 Hz for detrending the phase values over 1 min. Such a choice can mis-
lead the scintillation occurrence identifying several phases without amplitude scintillation
events (McCaffrey and Jayachandran 2019). De Franceschi et al. (2019) have extensively
discussed how hard is the identification of the optimal cut-off frequency at a statistical
level to describe the long-term variation in scintillations at high latitudes. Hence, following
their method, here we consider as actual scintillations those events occurring simultane-
ously on the amplitude and the phase of the GNSS signals. The other enhancements of 64,

0>0.1 rads $4>0.1 rads ROT MEAN

Fig. 19 Scintillation occurrence and ROT recorded over SANAE during 2017-2018. a Scintillation occur-
rence for o, (left) and S4 (right) > 0.1 (radians and dimensionless, respectively) sorted by Kp <5 (top) and
Kp>5 (bottom). b ROT mean (left) and standard deviation (right) sorted by Kp<5 (top) and Kp>5 (bot-
tom)
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are considered as phase fluctuations likely due to large-scale (i.e. larger than few hundreds
of meters) TEC gradients.

According to the NOAA G-scale (https://www.swpc.noaa.gov/noaa-scales-explanation),
the geomagnetic field conditions are considered quiet when Kp is <5, while Kp >5 identi-
fies the conditions from minor to extreme stormy levels (www.swpc.noaa.gov/phenomena/
geomagnetic-storms). Hence, we have sorted the scintillation and the ROT (Rate of TEC
change) recorded over SANAE according to these two categories (quiet and disturbed) and
we have described our results in polar maps of Altitude-Adjusted Corrected GeoMagnetic
(AACGM) latitude (Baker and Wing 1989) and Magnetic Local Time (MLT) (Fig. 19).
As the GNSS receiver field of view covers mainly the sub-auroral sector (see Fig. 18) we
preferred the use of Kp instead of AE index to identify the quiet and disturbed conditions.
Similar to Fig. 18, the modelled auroral oval is also reported on the scintillation occurrence
and ROT maps. This analysis describes the ionospheric climate over SANAE during the
period spanning 2017 and 2018 derived from the GNSS 1-min data, while Troll data refer
to 2018. Concerning SANAE, under quiet conditions (black contours of the auroral oval)
(Fig. 19(a)) S4 exceeds very rarely the weak (>0.1) scintillation threshold (see the colour
bar). As it is not associated with a o4 enhancement, this increase does not seem to be
due to ionospheric scintillation, but is likely due to residual multipath that is not properly
removed with the 25° elevation mask. A weak increase in S4 accompanied by an evident
enhancement G4, in the post-midnight sector could be identified as an ionospheric scintilla-
tion signature. From Fig. 19(b) the ROT mean and standard deviation confirm the possible
presence of TEC gradients with a high variability of scale sizes in the midnight and post-
midnight hours, especially at higher latitudes. The comparison between the S4 and the 64,
occurrence under stormy conditions (Fig. 19(b)) identifies very well a region of enhance-
ment around 02:00 MLT from lower to higher latitudes. In that sector, the ionospheric scin-
tillations occur frequently because they are detectable at a climatological level over two
years of 1-min data. The interpretation of the maps of ROT mean and standard deviation
under perturbed conditions (Fig. 19(b)) testifies to the presence of large-scale TEC gradi-
ents in the auroral and sub-auroral regions and a significant variety of irregularities at dif-
ferent scale sizes around midnight. In the post-midnight, the presence of irregularities with
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Fig.20 Occurrence of scintillations indices o4 and S4 with values larger than 0.2 (radians and dimension-
less, respectively), as well as mean ROT and its standard deviation for Kp<5 and Kp>5. Results corre-

spond to the measurements for the year 2018 over Troll station. The plots are shown in the MLAT-MLT
coordinates
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different scale sizes results to be more confined to higher latitudes, suggesting a possible
role of the irregularities originating from the polar cap (such as polar cap patches) and
entering the auroral region (red curve boundaries in the figure).

In Fig. 20, the statistics of the parameters for the whole year of 2018 over the Troll sta-
tion are shown for low (Kp<5) and high (K> =5) geomagnetic activities in a similar for-
mat as in Fig. 19. To calculate the statistics, we used the threshold elevation angle of 30°.
For the scintillation indices 64 and S4, we show the occurrence of values larger than 0.2
(radians and dimensionless, respectively). We also present the mean rate of change of TEC
(ROT) and the standard deviation of ROT over the whole year. In the analysis, we use the
IPP at the altitude of 350 km and AACGMyV2 for mapping to the MLAT-MLT coordinate
system. The results from Troll largely agree with the observations over SANAE-IV. We
also observe that there are more frequent scintillations over Troll, which is located further
south, especially during geomagnetically active periods.

3.3.3 Satellite-Based Studies

Polar-orbiting satellites can provide additional and complementary information to fill
knowledge gaps, by allowing for in-situ measurements of ionospheric parameters along
their orbits and also characterising the top-side ionosphere with the help of GNSS sig-
nals. Although polar-orbiting satellites in low-earth orbits have rather short pass times over
regions of interest and their orbits longitudes are often changing fast, they can provide
long-term statistics and allow for climatology studies.

Recently, such statistical studies have been carried out with several satellite missions
as mentioned earlier in this section, including the Swarm mission, which is a constellation
of three identical satellites. One example of such study is the interhemispheric climatol-
ogy study of the polar cap patches, which are regions of significantly enhanced plasma
density relative to the background that is being convected over the polar cap. The occur-
rence of polar cap patches in the northern hemisphere is significantly higher in the local
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Fig.21 a Seasonal variations in the plasma density (Ne), measured by the Langmuir Probe (LP), and TEC,

measured by the GPS receivers, in the polar cap region (>81 MLAT) as measured by Swarm. b Corre-
sponding variability of plasma in terms of RODI and ROTI. Figure from Jin et al. (2019)
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winter season, while in the southern hemisphere this pattern is still observed, but the
seasonal variations are less pronounced (Spicher et al. 2017). This can be attributed to a
different illumination in the southern hemisphere due to the offset of the magnetic pole
and thus different background conditions. However, other results have also been obtained
based on different definitions of plasma density enhancements and reporting that the iono-
spheric plasma in the southern hemisphere is more structured at kilometre-scales than in
the northern hemisphere (Chartier et al. 2018; Noja et al. 2013). Climatology studies with
the Swarm data reveal that the background plasma density Ne and TEC of the topside iono-
sphere follow clear seasonal variations, and also correlate with the solar activity (Jin et al.
2019). In Fig. 21(a) (from Jin et al. 2019) the seasonal variations in the Ne and TEC in the
polar cap region (>81° MLAT) as measured by Swarm are shown. In Fig. 21(b) Jin et al.
(2019) have plotted the corresponding variability of plasma in terms of RODI and ROTI,
where RODI is defined as the Rate Of change Density Index and ROTI is defined as the
Rate Of the change of TEC Index. However, the variability of plasma in the polar cap,
which is assessed in terms of the standard deviation of RODI and ROTI, is consistently
larger in the southern hemisphere. The same is valid for large-scale density gradients (Jin
and Xiong 2020). Again, the offset of the geomagnetic pole and the geometry of the mag-
netic field in the southern hemisphere can lead to a larger intake of plasma density into the
polar ionosphere and larger structuring at all seasons. In general, the distribution of irregu-
larities depends on the geomagnetic conditions, and in particular on the orientations of the
IMF Bz and By components.

3.3.4 SuperDARN

The space science accomplished by SuperDARN (Chisham et al. 2007; Lester 2013, Nishi-
tani et al. 2019) is formidable, with well over 600 published papers in research journals. It
is therefore not possible to cover all aspects of scientific achievements, but the aim here is
to highlight its significant contribution to space research and, in particular, to the investiga-
tion on the magnetosphere-ionosphere coupling.

After 30 h of quiet solar wind conditions, Walker et al. (1998) presented observations
of flow bursts, exceeding 2000 ms™" (electric fields>50 mV m™!), by combining Doppler
velocity components from the SANAE (SAN) and Halley (HAL) radars, whose fields of
view are shown in Fig. 4(b). They occurred quasi-periodically for more than two hours on
the nightside magnetosphere. This initiated much research into this area. Events with simi-
lar characteristics to this, lately became to be known as TRINNI (Tail Reconnection IMF
North Non-substorm Interval) events, were interpreted as sporadic energy releases from
re-configuration of a ‘twisted” magnetotail.

Using SuperDARN observations, fundamental solar wind-magnetosphere coupling phe-
nomena occurring at the dayside magnetopause have been unveiled as well. Neudegg et al.
(1999) observed for the first time the “flow channels’’ due to newly-opened cusp field lines.
Moreover, numerous studies based on SuperDARN data permitted to estimate the recon-
nection rate at the dayside magnetopause and in the geomagnetic tail for extended time
intervals (e.g. Milan et al. 2003 and Pinnock et al. 2003). SuperDARN measurements have
also been fundamental for the study of the effects of the reconnection occurring poleward
of the cusps during northward IMF intervals (Huang et al. 2000; Imber et al. 2006; Mar-
cucci et al. 2008).

The spectral width parameter of the Halley radar (and magnetically conjugate Goose
Bay radar) was employed to identify the polar cusp and Lower Latitude Boundary Layer
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regions of the magnetosphere (Baker et al. 1995). This was the first ground-based observa-
tion to provide useful inter-calibration of such regions with the DMSP satellite. This type
of observation provides valuable inputs to the Geospace Environment Modelling (GEM)
program.

SuperDARN has proven to be a very successful tool for observing ULF magnetohy-
drodynamic waves with periods in the 45-600 s range. Their direct observation in the
ionosphere allows for their morphology to be determined, unlike magnetometers that are
limited in this regard as they receive an integrated signal. This point is well demonstrated
in Bland and McDonald (2016) who calculated the polarisation vector of ULF waves in
the ionosphere using the South Pole Station (SPS) and Dome C East (DCE) radars (see
Fig. 4(b) for fields of view). Such waves are an important means of energy transfer into and
within the magnetosphere. Stephenson and Walker (2002) were the first to demonstrate that
coherent oscillations in the solar wind were a candidate for exciting a field line resonance
observed by the SANAE (SAN) radar. The Field Line Resonance was estimated to deposit
more than 10 MW into the ionosphere in the form of Joule heating.

As meteors move through the Earth’s upper atmosphere, they create ionisation trails,
which are scattering targets for SuperDARN in their near ranges. Jenkins and Jarvis (1999)
used data from the Halley radar (HAL) to derive ground-based observations of mes-
ospheric winds above Antarctica. Another near-range scattering target is unusual echoes
that occur between 180 and 315 km range (80-100 km altitude) with different characteris-
tics to those produced by meteors. They have become known as Polar Mesospheric Sum-
mer Echoes whose targets are ice crystals. They were first observed by the Syowa East
radar (SYE) by Ogawa et al. (2002). The Antarctic summer mesosphere is the coldest place
on Earth and these ice clouds provide an important indicator in tracking climate change.

Sky noise (atmospheric noise) is routinely recorded by SuperDARN radars and for many
years this was regarded as metadata. However, Bland et al. (2018) have successfully shown
that this parameter can be used to track Solar Proton Events (SPEs) as well as Energetic
Electron Precipitation (EEP) events (Bland et al. 2019), as it is significantly attenuated dur-
ing such periods (Fig. 22). This is an important result, as understanding the effect of EPPs
on the ionosphere is critical for predicting communication quality in the modern world.

SuperDARN observations have been used extensively to conduct research on the ion-
neutral coupling, permitting a deeper insight into the link between the ionosphere and the
thermosphere, see Billett and McWilliams (2020) for an overview of SuperDARN related
results on this topic.

In their work of comparison of SuperDARN peak electron density estimates with meas-
urements from the ionosonde and the incoherent scatter radar in Canada from 2008 to
2017, Koustov et al. (2020) concluded that the SuperDARN electron density estimates are
a valuable resource for their use in statistical studies, such as those focused on seasonal and
solar cycle effects.

3.4 Magnetic Perturbation Events Relevant to Geomagnetically Induced Currents

The impact of extreme space weather events on human technological systems has received
growing attention worldwide in the past two decades. The magnetic perturbation events
(MPEs), that cause geomagnetically induced currents (GICs) that can damage electri-
cal power grids and pipelines, mainly (but not only, see, e.g., Piersanti and Carter 2020)
originate in ionospheric currents in the auroral zone, which expands equatorward during
major geomagnetic storms, thus putting at risk regions at middle and even lower latitudes.
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Fig.22 Background noise for the year 2012 as recorded by the Zhongshan (ZHO) radar. Red arrows indi-
cate the onset of Solar Proton Events characterised by vertical blue lines indicating the absorption of sky-
noise (from Bland et al. 2018)

However, dangerously large MPEs have been shown to occur mostly at higher latitudes,
where the auroral zone is more commonly situated, and the poorly understood physical
mechanisms that produce MPEs and GICs appear to be the same under expanded or con-
tracted auroral oval conditions. A number of large statistical and event studies of MPEs
(and in some cases the associated GICs) using the IMAGE array in Scandinavia (ranging,
for example, from Viljanen, 1997 and Viljanen and Tanskanen, 2011 to Belakhovsky et al.
2019 and Dimmock et al. 2020) have now been extended to Arctic Canada (Engebretson
et al. 2021 and Weygand et al. 2021). The latter study applied spherical elementary current
systems (SECS) analysis and included all-sky imager data in statistical and case studies of
MPE:s in order to clarify their association with localised and/or extended ionospheric and
field-aligned currents. A conjugate study using both Arctic and Antarctic data by Engebret-
son et al. (2020) showed that large MPEs can occur in magnetically conjugate locations at
these high and very high latitudes, and based on their relative amplitude and ionospheric
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conductivity provided evidence that their generation follows a magnetospheric current gen-
erator model rather than a voltage generator model.

4 lonospheric Weather

The part of our scientific community that works on studies of the lower atmosphere deals
mainly with the long-term variation in its constituents. Contrarily, the community inves-
tigating the upper atmosphere, which is strongly affected by geospace conditions, deals
both with long-term trends and with short-term events that have durations from minutes to
several days. This section addresses the latter community through a focus on ionospheric
weather through the review of case studies complemented by new results.

The investigation of the ionospheric behaviour during strong geomagnetic storms has
improved our knowledge about the upper atmosphere responses to space weather events,
leading to a deeper knowledge of the electrodynamic processes in the ionosphere/thermo-
sphere from low to high latitudes at different longitudinal sectors.

The ionospheric dynamics is driven by coupling processes involving the solar wind, the
IMF and the magnetosphere, which results in electric fields, neutral winds and composi-
tion changes. The induced electric fields are mapped along magnetic field lines to the high
latitude ionosphere, but they can also penetrate the auroral latitudes and impact the low
and mid-latitude ionosphere, in the form of prompt penetration electric fields (PPEFs).
The PPEFs were first identified during substorms (Nishida 1968), but their effect has been
observed as dominant during the first hours of the main phase of geomagnetic storms
(Astafyeva et al. 2015, 2016; Correia et al. 2017; Huang et al. 2005; Macho et al. 2020;
Mannucci et al. 2008; Sahai et al. 2004; Shreedevi et al. 2016, 2017; Spiro et al. 1988;
Tsurutani et al. 2004, 2008;). The PPEFs generated during strong geomagnetic storms
can lift the dayside equatorial plasma to higher altitudes than the normal Equatorial Iono-
spheric Anomaly (EIA), resulting in the crests being pushed to mid-latitudes (Tsurutani
et al, 2008). The precipitation of energetic particles into the thermosphere at high latitudes
generates intense electric currents in the ionosphere (Buonsanto and Witasse 1999), which
heat the auroral zone, changing its composition and driving large-scale neutral winds
(Buonsanto and Witasse 1999; Danilov and Lastovicka 2001; Fuller-Rowell et al. 1994).
The combination of these processes results in a large-scale ionospheric plasma density
increase redistribution from mid-latitude or even the equator to high latitudes, and at dusk,
the plasma of the EIA crests can contribute to the plumes of Storm Enhanced Density
(SED, Huba et al. 2017; Sandel et al. 2001). These plumes can be transported through the
dayside cusp and across the polar cap into the night side where they form structures called
Tongues Of lonisation (TOI, Foster et al. 2005) or polar cap patches (Foster et al. 2021;
Zou et al. 2021a).

Despite several milestones that have been reached in high latitude ionospheric stud-
ies, there are still open questions, e.g. how variable the ionospheric storm-time response
is, how it is driven, and its strong longitudinal and latitudinal asymmetries, just to men-
tion a few, that would benefit from a multi-instrument approach. After the International
Polar Year (IPY 2007-2008), the multi-instrument probing of the ionosphere from low to
high latitudes was consolidated (e.g. Alfonsi et al. 2008a; Zou et al. 2014, 2017a, 2021b).
Many different techniques are now available, particularly at high latitudes, in both hemi-
spheres, where the ionosphere contains the footprints of processes that have their origin in
the interplanetary space. A multidisciplinary approach is required for the advancement of
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Table 4 Dates of geomagnetic
storms identifying the case
studies

Event

29-30 October 2003
26 September 2011
25 January 2013

22 June 2015

17-18 March 2013
17-18 March 2015
25 December 2015
16-18 July 2017
7-9 September 2017
11 May 2019

the current knowledge: when a geoeffective solar perturbation occurs, the succession of the
events in the near-Earth space needs to be monitored by different sensors to improve the
physical understanding and modelling of the response of the near-Earth space in response
to natural perturbations.

In this section, we discuss ten geomagnetically disturbed periods (Table 4) by using a
radio-based multi-instrument approach, sometimes supported by ancillary measurements
that contributed to the understanding of the physical mechanisms responsible for extreme
events in the polar upper atmosphere during solar cycles 23 and 24. In some cases, the
survey of the existing literature is corroborated by new results. For each selected event the
geospace conditions and the magnetic activity are characterised by investigating the Inter-
planetary Magnetic Field components (Bx, By, Bz) and its total intensity (Btot), the solar
wind velocity (v) and proton density (pp), the geomagnetic indices SYM-H (Wanliss and
Showalter, 2006 and references therein), AE (World Data Center for Geomagnetism, 2015;
Perrone and De Franceschi, 1998) and Polar Cap Index (PCI) for both North (PCN) and
Southern Hemisphere (PCS) (Stauning, 2013; Perrone and De Franceschi, 1998). The IMF
components are measured every second by the Magnetic Field Experiment (MAG) (Smith
et al. 1998) onboard the Advanced Composition Explorer (ACE) satellite orbiting at the
first Lagrangian point (L1) point. For our purposes, we use the 4-Minute Level-2 data, the
Geocentric Solar Magnetospheric (GSM) coordinate system, provided by the Coordinated
Data Analysis (CDA) Web portal of NASA (https://cdaweb.gsfc.nasa.gov/). For the solar
wind speed and proton density measurements, we consider the Level-2 data (sampling
rate: 64 s) provided by the Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM)
(McComas et al. 1998), again onboard the ACE spacecraft and available through CDA
Web.

4.1 The Halloween Storms of October 2003

During the descending phase of the 23rd solar cycle, two geomagnetic superstorms
occurred during 29-30 October 2003. Their storm time effects impacted the ionosphere
globally, with characteristics depending on the latitude and local time at different sectors.
The geomagnetic activity during this period was complex due to the superposition of three
strong fast ring current injections with the ISYM-HI peak reaching 400 nT and the Auroral
Electrojet index, AE, exceeding 4000 nT (Fig. 23).
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Fig.23 Summary of the geospace characteristics during the events of 28-31 October 2003. From the top
to the bottom they are the following: The Interplanetary Magnetic Field components (Bx, By, Bz, Btot),
the solar wind speed (v) and proton density (p,), the geomagnetic indices SYM-H, AE and PCI (only PCN
available), the last two mostly related to auroral and polar cap conditions. The data gaps were due to out-
ages on the observing satellites during these periods

Investigation of GPS-TEC maps done by Ding et al. (2007) using stations over
North America showed three large-scale travelling ionospheric disturbances (LSTIDs)
during these superstorms. The first two occurred at local midnight, just after the onset
of the big storm on 29 October, and the third one at noon during the expansion phase
of the next substorm on 30 October (Ding et al. 2007). They attributed the LSTIDs that
occurred on 29 October to the auroral westward electrojet. These storms produced a
very strong global ULF activity during their recovery phase, with Pc5 events observed
simultaneously at all local time sectors with larger amplitude at prenoon or noon
hours, of which the possible cause was suggested to be the boundary layer instability
(Potapov et al. 2006). Mitchell et al. (2005) demonstrated that the high TEC values
observed over the Svalbard archipelago originated from North America, highlighting
the presence of sharp density gradients responsible for the observed ionospheric scin-
tillations. A deeper study of the same event identified the polar cap patches as possibly
responsible for scintillation occurrence (De Franceschi et al. 2008).

Under conditions where empirical models are not adequate, like the Halloween
storm in 2003, the use of EISCAT, in combination with ionospheric models, was
revealed to be very effective to provide constraints on the neutral composition of the

@ Springer



Surveys in Geophysics (2022) 43:1609-1698 1657

atmosphere. Enell et al. (2008) modelled the response of the lower ionosphere to the
X class solar flare that occurred on 28 October 2003. The chemical response to the
X-ray ionisation was studied with the time-dependent version of the Sodankyld Ion
Chemistry model (Turunen et al. 1996; Verronen 2006). The modelled electron density
profile at the peak of the event was then brought into agreement with the correspond-
ing EISCAT VHF D- and E-layer ionospheric profiles, retrieved using the theory of
Fukuyama and Kofman (1980) for the negative ion region. This was accomplished by
scaling the nitric oxide (NO) profile since NO is the main ionisable component of the
lower ionosphere.

4.2 The Prompt Penetration Electric Fields (PPEFs) and Disturbance Dynamo
Processes in September 2011 and June 2015

The investigations of ionospheric storms have shown that during the first few hours of a
geomagnetic storm, the PPEF penetrates both the dayside and nightside ionosphere (Asta-
fyeva et al. 2016; Correia et al. 2017; Mansilla 2018). The normal eastward dawn-to-dusk
electric field on the dayside is reinforced by the PPEF, which lifts the equatorial iono-
spheric plasma to higher altitudes and latitudes, forming the dayside ionospheric super-
fountain (DIS) effect (Tsurutani et al. 2004). The DIS results in an overall dayside low-
latitude ionospheric electron density increase, with EIA crests reaching mid-latitudes. The
positive storm at midlatitudes is dominated by the PPEF during the early main phase and
the disturbance dynamo processes later. On the nightside during the main phase of the
storm, from middle to high latitudes the westward dawn-to-dusk electric fields are domi-
nated by the dynamo disturbance, causing a downward plasma drift, which increases the
recombination process and decreases the electron density. This mechanism was identified
in the geomagnetic storms that occurred on 26 September 2011 (Correia et al. 2017), and
22-23 June 2015 (Astafyeva et al. 2016; Mansilla 2018). The studies showed that during
these storms the ionosphere is highly structured and dynamic as a consequence of solar
wind coupling with the magnetosphere-ionosphere system, suggesting a combination of
effects associated with PPEFs and disturbance dynamo processes. The investigations have
been carried out through a complementary analysis of data acquired by the ionosondes,
GNSS receivers and SuperDARN radars that were used to evaluate the electron density
changes and the modifications of the ionospheric plasma dynamics induced by the storm.

The 26 September 2011 storm was triggered by the arrival of the interplanetary shock
(IP) produced by a ICME, which occurred in association with an M7 long-duration X-ray
event. This disturbance resulted in the geomagnetic storm (G2 level) on 26-27 September
with ISYM-HI about 100 nT on 26 September (Fig. 24). The interplanetary shock arrived
on 26 September 2011 at 12:40 UT when a sudden change in parameters was observed
resulting in a sudden impulse (SI). Sudden variations were observed in the solar wind and
interplanetary magnetic field (IMF) parameters (Fig. 24) with increases in the solar wind
speed and proton density, and with the enhancement of total IMF (Btot) and the beginning
of fast fluctuations in the IMF components Bz, By and Bx. The Polar Cap indices for the
Northern and Southern Hemisphere (PCN/PCS) showed intensification at 12:40,~17:00,
and~20:00 UT in association with Sudden Storm Commencement (SSC) and the two
peaks in AE, respectively.

During the September 2011 event, SED (Foster, 1993) were observed at middle lati-
tudes in the American (dayside) sector. Zhang et al. (2013) reported a direct observation of
the evolution of polar cap ionisation patches in the Artic. The SED signatures were visible
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Fig.24 Summary of the geospace characteristics during the event of 26 September 2011. From the top to
the bottom they are the following: The Interplanetary Magnetic Field components (Bx, By, Bz, Btot), the
solar wind speed (v) and proton density (p,), the geomagnetic indices SymH, AE and PCI, the last two
mostly related to auroral and polar cap conditions. PCN and PCS refer to the Polar Cap Index (PCI) at
Northern (N) and Southern (S) hemispheres, respectively

in the Antarctic American sector, with an evident uplift of the F2 ionospheric layer. In the
Australian sector, contrarily, the storm caused a decrease in the electron density for the
quiet day and an interesting increase in TEC at the Mario Zucchelli Station in Antarctica.
The latter, together with evidence from SuperDARN backscattering and scintillations, is
interpreted as proof of the formation of TOI from SED plumes formed at middle latitudes
that entered the polar cap passing through the cusp (Correia et al. 2017). Contrary to the
TOI occurrence in the southern ionosphere, the same event in the northern hemisphere did
not show evidence of TOI formation (Thomas et al. 2013). This event has been also studied
to assess the feasibility of ionospheric nowcasting and forecasting. Indeed, an exercise of
GNSS data assimilation into a physics-based model has demonstrated the improved capa-
bility of nowcasting the ionospheric response to the September 2011 storm at European
high latitudes (Solomentsev et al. 2015). Chen et al (2016) demonstrated an improvement,
at global scale including high latitudes, of ionospheric forecasting for this storm by assimi-
lating the GNSS TEC observations into the thermosphere-ionosphere-electrodynamics
general circulation model (TIE-GCM). The data acquired during the storm that occurred
on 26 September 2011 have also been used to demonstrate how the use of COSMIC Radio
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Fig.25 Summary of the geospace characteristics during the event of 22 June 2015. From the top to the
bottom they are the following: The Interplanetary Magnetic Field components (Bx, By, Bz, Btot), the solar
wind speed (v) and proton density (p,,), the geomagnetic indices SYM-H, AE and PCI, the last two mostly
related to auroral and polar cap conditions. PCN and PCS refer to the Polar Cap Index (PCI) at Northern
(N) and Southern (S) hemispheres, respectively

Occultation (RO) profiles in GPS tomography helps to improve the vertical imaging accu-
racy, which is validated by ionosondes and ISR scans (Yin and Mitchell 2014).

June 2015 was characterised by several IPs that affect the near-Earth environment.
Specifically, the responses of the geomagnetic field to the IPs that hit the Earth at 05:02
UT and 18:07 UT on June 22, (labelled as IP2 and IP3 in Fig. 23 of Piersanti et al. 2018)
were significantly different. The former did not have a significant geospace effect, while
the latter resulted in SYM-H dropping to below —100 nT (Fig. 25), as a consequence
of the solar wind velocity and the proton density suddenly increased. Total B (Btot)
increased and related components sharply reacted with a negative Bz (peak at about
—40 nT), lasting a couple of hours, followed by a long duration positive and pulsating
IMF Bz. A global investigation of the TEC variations associated with this intense geo-
magnetic storm was done by Mansilla (2018), whose results show a considerable inter-
hemispheric asymmetry in the ionospheric response at low and mid-latitudes during
the evolution of the main phase of the storm. Yang et al. (2020a) processed over 5500
GPS/GNSS receivers precise point positioning (PPP) solutions worldwide to examine
the impact of the ionospheric responses during this storm. Their work found that up to
70% of the high latitude receivers experienced degraded position solutions and that the
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Southern hemisphere impact was more severe. A regional study of the same storm has
been performed by D’Angelo et al. (2018a) by analysing data from auroral, cusp and
polar cap GNSS stations located in Antarctica and the Arctic. The work, supported by
SuperDARN measurements and by an in-depth description of the ionosphere-magneto-
sphere coupling derived from in-situ and ground-based data, revealed similarity in the
behaviour of the ionospheric response at high latitudes of the two hemispheres. Never-
theless, the same authors reported that their conclusions are based on a partial picture
of the ionospheric scintillations because of the lack of data from auroral latitudes. At
these latitudes, Cherniak and Zakharenkova (2017) reported large plasma density fluc-
tuations over both hemispheres. The impact of this storm was also investigated in the
South American sector, from low to high latitudes, by Macho et al. (2020). The work
based on GNSS and ionosonde data, evidenced the expansion of the crest of EIA to
higher latitudes, due to PPEF process in the daytime sector during the beginning of
the main phase storm. After few hours, in the end of the main phase, the disturbance
dynamo electric field becomes dominant, and TEC increases were observed from high
to middle latitudes, due to the dusk effect at the end of the day.

17-18 Mar 2013
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Fig.26 Summary of the geospace characteristics during the event of 17-18 March 2013. From the top to
the bottom they are the following: The Interplanetary Magnetic Field components (Bx, By, Bz, Btot), the
solar wind speed (v) and proton density (p,), the geomagnetic indices SYM-H, AE and PCI, the last two
mostly related to auroral and polar cap conditions. PCN and PCS refer to the Polar Cap Index (PCI) at
Northern (N) and Southern (S) hemispheres, respectively
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Fig. 27 Summary of the geospace characteristics during the event of 17-18 March 2015. From the top to
the bottom they are plotted, vs UT: The Interplanetary Magnetic Field components (Bx, By, Bz, Btot), the
solar wind speed (v) and proton density (p,), the geomagnetic indices SYM-H, AE and PCI, the last two
mostly related to auroral and polar cap conditions. PCN and PCS refer to the Polar Cap Index (PCI) at
Northern (N) and Southern (S) hemispheres, respectively

4.3 ICMEs and HSS Driven Storms in March 2013, 2015, July and September 2017

Intense geomagnetic storms are often caused by combined impacts of ICMEs and co-
rotating interaction regions (CIR) ahead of high-speed streams (HSS) from coronal holes.
Such geo-effective configuration in the solar wind resulted in geomagnetic storms of 17-18
March 2013 and 2015, 1618 July and 7-9 September 2017.

The storm that occurred on 17-18 March 2013 was triggered by an Earth-directed
ICME that occurred on 15 March. The SSC occurred at~06:00 universal time (UT) on
17 March, and SYM-H reached a minimum of about —130nT around 21:00UT on 17
March (Fig. 26). As a result, the substorm intensity as measured by the AE index was
persistently more than 500 nT on 17 March from 06 UT onwards and reached the maxi-
mum AE =2240 nT on 16:39 UT, in response to the PC rise to 11 mV/m.

Foster et al. (2014) reported quantitative simultaneous evidence of plasmasphere ero-
sion on 17 March 2013, that carried cold dense plasma of ionospheric origin towards
the dayside magnetopause. They used GPS TEC data combined with Defense Meteoro-
logical Satellite Program (DMSP) and Millstone Hill Radar measurements. Examining
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north polar TEC maps, the authors investigated the variability of the TOI, observing
patches of enhanced TEC reaching cusp and the polar cap. A global assessment of the
ionospheric electron density during the event was done by Yue et al. (2016) assimilat-
ing ground and LEO satellite-based TEC into an algorithm derived from NCAR Global
atmospheric, oceanic, and land field reanalysis. The authors reported the magnetic con-
jugacy of SED and TOI at the high latitudes of both hemispheres. In addition, multi-
instrument observations from mid to high latitudes were used to study the magneto-
sphere-ionosphere coupling processes during this storm by Lyons et al. (2016). They
identified multiple structured polar cap patches in the nightside aurora zone transported
by equatorward moving fast plasma flows.

The March 2015 storm involved a two-step development, the first driven by the south-
ward IMF in the compressed sheath region, and the second driven by the southward IMF
in the magnetic cloud (Kamide and Kusano, 2015; Kataoka et al. 2015). In Fig. 27, the
SYM-H profile clearly describes the occurrence of a two-step main phase storm dur-
ing which IMF Bz was oscillating between positive and negative values with a constant
increase in solar wind velocity and proton density. The AE index showed substorm signa-
tures while PC indices reached four peaks at about 14:00, 18:00, 21:00, and 23:00 UT on
17 March indicating substorm conditions (Astafyeva et al 2015).

Liu et al. (2016) compared the performance of the TIE-GCM model (Roble et al. 1988)
to TEC mapping from ground-based GPS stations to evaluate the ionospheric response to
the March 2013 and 2015 storms at high latitudes. The two events resulted in negative
ionospheric storms, presenting SED and TOI features. Their work testified to the limitation
of the TIE-GCM model not being capable of capturing an electron density “hole” revealed
by GPS data.

The March 2015 superstorm impacted the high-latitude ionosphere leading to consid-
erable dynamics of ionospheric irregularities observed using GNSS data (Cherniak et al.
2015; Cherniak and Zakharenkova 2016, 2017) and revealing a relation between the GNSS
phase scintillation and auroral electrojet currents (Jacobsen and Andalsvik, 2016; Prikryl
et al. 2016). Cherniak and Zakharenkova (2017) highlighted the significant improvement
in the global/regional GPS networks at high latitudes compared to what was available dur-
ing the previous solar cycle. The exploitation of such networks, not specifically designed
to probe the ionosphere, can provide results that are crucial to derive a regional picture of
ionospheric perturbed conditions and their relation to a global representation of the plasma
environment. Indeed, the work by Cherniak and Zarenkova (2016) revealed the formation
and the evolution of SED and TOI structures from plasma density gradients identified by
GPS data at high latitudes, consistent with observations from GPS onboard five LEO satel-
lites. The authors reported interhemispheric differences possibly related to IMF orienta-
tion. This is confirmed by D’Angelo et al. (2018b), that, using in-situ satellite data (from
POES and Swarm constellations) and ground-based data from SuperDARN radars and
scintillation monitors, showed more intense particle precipitation in the southern polar cap
with a consequent higher level of scintillations in Antarctica. Yao et al. (2016) reported the
occurrence of three TIDs occurring during the main phase of the storm and first observed
at the high latitudes of both hemispheres. The authors concluded that the TIDs were trig-
gered by Atmospheric Gravity Waves (AGW) excited by auroral substorms.

Figure 28 shows the TEC maps of the southern polar region at selected times during the
main phase of the St. Patrick’s day storm of 2015 (Shreedevi et al. 2020). The TEC maps
are overlaid with the SuperDARN convection pattern to facilitate the comparison of the
changes in the TEC along the path of convection. At 1600 UT, no significant enhancements
are seen in the TEC in the southern polar cap. During the period 17:00-17:30 UT, a region
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Fig.28 Panels a—f (from top-left to bottom-right) show the TEC in the southern hemisphere at selected
times (1600 UT, 1700 UT, 1745 UT, 1830 UT, 1930 UT and 2200 UT) on 17 March 2015. The SuperD-
ARN convection pattern is overlaid on the TEC maps to facilitate comparison of the changes in the TEC
along the path of convection. The location of Bharati and Davis stations are marked on the maps using pink
and black stars, respectively (from Shreedevi et al. 2020)
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Fig. 29 a Phase variations (in radians) highlighting a scintillation observed by a receiver at Poker Flat dur-
ing the storm sudden commencement; b FAC distributions from the BATSRUS MHD model (Zou et al.

2017b)

of enhanced TEC is seen to form at the magnetic noon sector. This region of enhanced
TEC can be seen to extend into the polar cap along the path of convection at later intervals
of time, highlighting the TOI formation. At the Bharati and Davis stations (pink and black
stars, respectively) in the eastern part of Antarctica, large enhancements in the TEC were
observed during the period 18:30-19:30 UT (magnetic midnight sector) owing to the pas-
sage of the TOL Later on, the TOI is seen to break into patches as they traverse through
the polar cap in response to the strengthening of ionospheric convection. Shreedevi et al.
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(2020) have also shown that the enhanced ionospheric convection and associated formation
of polar cap patches gave rise to intense phase scintillations in the polar cap ionosphere (at
Bharati) during the St. Patrick’s day storm of 2015.

The EDAS network, established by the Satellite Navigation and Sensing Lab at the
University of Colorado, Boulder, to study the impact of geomagnetic disturbances on the
auroral ionosphere, has recorded scintillation events at Poker Flat (Alaska) (Fig. 29a). Zou
et al. (2017b) reported the impact of the 17 March 2015 storm highlighting changes in
ionospheric plasma characteristics (e.g. convection flow, plasma temperatures) during the
sudden commencement observed by the Poker Flat incoherent scatter radar and simulated
by using the University of Michigan Space Weather Modelling Framework (SWMF). The
simulated large-scale field-aligned current (FAC) distribution and convection flow pattern
have been validated through comparison with observations and are reproduced in Fig. 29b
for convenience. Poker Flat is indicated as a cyan dot in this plot. The red and blue contours
represent the upward and downward FACs. As can be seen at 04:46 UT, i.e. 1 min after
the shock impact, the shock-induced preliminary impulse FACs (the pair at higher lati-
tude) and the main impulse FACs (the pair at lower latitude) covered nearly the whole day-
side auroral and high latitude regions. The FACs perturbations crossed Poker Flat in about
three minutes. Figure 29a shows a short-lived phase scintillation during this storm sudden
commencement observed by the EDAS receiver located at Poker Flat. The enhanced ADR
(Accumulate Doppler Range) was observed starting at 04:45 UT and lasted for about three
minutes. This unique data and model combination reveals that the short-lived scintillation
is due to the shock-induced FACs moving across Poker Flat. This type of impulsive phase
variation is better captured by the EDAS high temporal resolution measurements.

(b) March 18, 2015
Pangnirtung msssm South Pole mem

22:00 23:00 24:00
Universal Time

Fig.30 a Map showing the location of Pangnirtung (PGG), Baffin Island, Canada, and the mapped mag-
netic conjugate location of South Pole Station (SPA), Antarctica; b two-hour excerpts from daily magne-
tograms for March 18, 2015 from Pangnirtung, Canada and South Pole Station, Antarctica. Component data
are shown in local magnetic coordinates (from top to bottom Bx N-S, By E-W, and Bz vertical)
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Figure 30 shows an example of the large, impulsive perturbation that peaked near
22:47 UT on March 18, 2015 at Pangnirtung, Canada (CGM Lat 73.2°, CGM Lon 19.8°)
and its near magnetically conjugate location, South Pole Station, Antarctica (CGM Lat
—74.5°, CGM Lon 18.7°). Very similar magnetic perturbations appeared at both stations,
with~5 min duration, ~-600 nT ABXx, and derivative amplitudes of 8.3 nT/s at Pangnirtung
and 10.1 nT/s at South Pole. The relative orientations of the Bx and By perturbations most
likely reflect the hemispheric difference in the circular Hall current flow around a localised
field-aligned current (FAC), counter-clockwise in the northern hemisphere and clockwise
in the southern hemisphere. The studies of MPEs cited in 2.4 have shown that the occur-
rence of very large MPEs at these high latitudes is not limited to the most intense storm
time intervals. The magnetic field at these two stations was significantly disturbed during
both March 17 and 18, but by far the largest MPEs occurred near the end of March 18. This
event is also evident in the bottom panel of Fig. 27, reflecting a similar but weaker pertur-
bation that appeared slightly later at Thule (not shown), corresponding to the PCN index.

The geomagnetic storm of 16-18 July 2017 was caused by a ICME ahead of a high-
speed plasma stream from a coronal hole. The ICME (Richardson and Cane, 2010) showed
some evidence of a rotation in field direction, but lacked other characteristics of a magnetic

16-18 Jul 2017
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Fig.31 Summary of the geospace characteristics during the event of 16—18 July 2017. From the top to the
bottom they are plotted, vs UT: The Interplanetary Magnetic Field components (Bx, By, Bz, from top to
bottom) and Btot, the solar wind speed (v) and proton density (p,), the geomagnetic indices SYM-H, AE
and PCI, the last two mostly related to auroral and polar cap conditions. PCN and PCS refer to the Polar
Cap Index (PCI) at Northern (N) and Southern (S) hemispheres, respectively
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Fig. 32 Horizontal equivalent ionospheric currents observed over North America on 16 July 2017. IPPs
where 64> 0.1 rad or SDPR>2 mm/s are shown as circles colour coded by stations and sized proportion-
ally to 64, and sDPR values

cloud, for example, an enhanced magnetic field. The result was a moderate geomagnetic
storm with ISYM-HI reaching values up to 60 nT and the AE index exceeding 1600 nT
(Fig. 31).

The SECS technique (Amm and Viljanen 1999) was used to obtain horizontal equiva-
lent currents (EICs) (Weygand 2009) from an array of ground magnetometers across North
America and Greenland (Weygand et al. 2011) to study this event. Assuming the shell
height of 110 km for the IPP, strong GPS phase scintillation in the nightside auroral oval
was co-located with the westward electrojet on July 16 (Fig. 32). The phase scintillation
occurrence (64> 0.1 rad or the standard deviation of delta phase rate, SDPR,>2 mm/s) is
provided by CHAIN stations. The onset of GPS phase scintillation followed the southward
turning of the IMF a few minutes after the IP shock that was associated with a northward
IMF on 16 July around 06 UT (Fig. 32). The scintillation maximised in the auroral oval but
then increased significantly during the day in the cusp and picked up again the next day in
the nightside auroral oval.

Figure 33 shows the GPS phase scintillation occurrence as a function of the Altitude-
Adjusted Corrected GeoMagnetic (AACGM) latitude and UT for GPS receiver stations
located between 260° and 300° geographic longitude overlaid with contours of ionospheric
J, current. The J, current shown in Fig. 33a is an average over the longitude sector between
267° and 295° with EICs transformed to geomagnetic coordinates using the magnetic dec-
lination at each grid cell. To conform to the 15 min grid span used for the scintillation
occurrence map, the west-to-east J, current component is averaged over 15 min (mean of
15 values using the 10 s EICs data decimated to one value per minute). Figure 33b shows
the EIC contours colour coded with the magnitude of the J, current. In the auroral zone,
the highest occurrence of GPS phase scintillation is co-located with strong westward elec-
trojet and the poleward edge of the eastward electrojet.

The main source of the storm that occurred between 4 and 10 September 2017 was the
Solar Active Region AR2673, which produced four X-class eruptions, including the strong-
est flare X9.3 of Solar Cycle 24 on September 6, 2017. A ICME (started on 6 September)
triggered a G4 (severe geomagnetic storm—NOAA Kp 8, Ap=106) whose main phase
was on 7-8 September 2017 (Tassev et al. 2017; Valommel and Van der Linden 2017).
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Fig. 33 a Phase scintillation occurrence of 64>0.1 rad or sDPR>2 mm/s as a function of AAGCM lati-
tude and UT for CHAIN combined with 1 Hz GPS geodetic quality receivers for data on July 16, 2017, for
the longitude sector between 260° and 300°. Contour plots of the westward and eastward equivalent iono-
spheric currents are shown in white broken and solid lines, respectively. b Westward and eastward equiva-
lent ionospheric currents (EIC) are highlighted in blue and brown shades

During the event of September 7-8, 2017 there were two distinct intervals of the inter-
planetary electric field rising, and correspondingly, the PC index increasing from 22:00
to 01:00 UT on September 7-8 and 12:00—14:00 UT on September 8, whereas the PCN
index dropped to zero on the interval 08:00—11:00 UT on September 8. As a result, there
were 2 splashes of magnetic substorm intensity with maxima of AE early at 00:00 UT
and 12:00-14:00 UT on September 8. Indeed, the event consisted of two sequential storms
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Fig. 34 Summary of the geospace characteristics during the event of 7-9 September 2017. From the top
to the bottom they are plotted, vs UT: The Interplanetary Magnetic Field components (Bx, By, Bz, Btot),
the solar wind speed (v) and proton density (p,), the geomagnetic indices SYM-H, AE and PCI, the last
two mostly related to auroral and polar cap conditions. PCN and PCS refer to the Polar Cap Index (PCI) at
Northern (N) and Southern (S) hemispheres, respectively

peaking on September 8 (Blagoveshchensky and Sergeeva 2019), the first with a SYM-H
minimum of -146 nT observed at 01:10 UT and the second with a SYM-H minimum of
—110 nT at 16:01 UT. The geospace conditions are reported in Fig. 34.

In Antarctica, the ionogram series recorded between 13:00 and 16:00 UT on 8 Sep-
tember by the VIPIR (Vertical Incidence Pulsed Ionospheric Radar) ionosonde (Ham et al.
2020) in Jang Bogo station are given in Fig. 35. The reflected echoes show signatures of
sporadic E-layer and spread-F testifying to the presence of ionospheric irregularities at dif-
ferent altitudes. The sequence also shows the lack of ionospheric reflections due to strong
ionospheric absorption.

Obana et al. (2019), studied the impact of this storm on the plasmasphere using data
from the Plasma Wave Experiment (PWE) onboard the Exploration of energisation and
Radiation in Geospace/Arase (ERG/Arase) satellite (Kasahara et al. 2018; Miyoshi et al.
2018). From their study, the authors showed for the first time a deep erosion of the plas-
masphere on 8 September 2017 during the recovery phase of the storm. The erosion con-
sists of plasmapause radius reduced down to 2 Earth radii (Rg) compare to 4-6 Ry during
normal geomagnetic conditions. The cause of the strong erosion of the plasmasphere is
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Fig.35 Ionogram series recorded by Jang Bogo VIPIR between 13:00 and 16:00 UT on September 8, 2017

inferred as being due to electric field penetration from high latitudes to mid-latitudes dur-
ing the recovery phase.

Yamauchi et al. (2018) investigated several X class solar flares and proton precipita-
tion that occurred during three days, September 68, 2017. The drivers of ion upflows
were investigated. During this event, the EISCAT radars ran with low-elevation pointing,
intended for latitudinal cross-section observations. However, it could be concluded that ion
up-flow occurred, not as a result of X-ray absorption but rather either as a result of an
ICME arrival or driven by solar energetic particle precipitation. Schillings et al. (2018)
investigated the oxygen ion (O%) outflow from the polar cap and cusp in response to arriv-
als of ICME shocks and X-flares. They found an enhancement of the outflow by a factor of
3 in connection to one of the shock arrivals, which suggests that ICMEs may be the main
drivers of the O* outflow. However, the outflows were in general higher than normal also
before the shock arrival, suggesting that the prior X-flares and the EUV radiation associ-
ated with them caused pre-heating of the ionosphere and enhanced O* outflows as well.
Schillings and co-authors show that during extreme geomagnetic storms an unusual condi-
tion can take place: the ion outflow velocity can be sufficient that ions pass the magnetotail
X-line before reconnection occurs and therefore are permanently lost to the solar wind.

Berdermann et al. (2018) reported a significant response of not only the European-Arc-
tic but of the entire European sector to the storm, assessing the impact on GNSS-based
operations, which resulted in severe effects on precise positioning services used in mari-
time and aviation. The authors also reported a significant impact on the EGNOS Augmen-
tation System supporting the safety of life services. The degradation of the GPS signals in
the Arctic is also reported by Linty et al. (2018) and Yang et al. (2020b) using Software
Defined Radio (SDR) and professional receivers to evaluate the increase in the position
errors during the ionospheric scintillation events recorded at Svalbard on 7-8 September
2017. Blagoveshchensky and Sergeeva (2019) reported ionospheric absorption on HF sig-
nals over the high latitude Russian sector during the first minimum and no significant per-
turbations to radio propagation during the second peak of the storm. Zhang et al. (2019)
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Fig.36 Summary of the geospace characteristics during the event of 10—-11 May 2019. From the top to
the bottom they are plotted, vs UT: The Interplanetary Magnetic Field components (Bx, By, Bz, Btot), the
solar wind speed (v) and proton density (p,), the geomagnetic indices SYM-H and PCI, the last two mostly
related to auroral and polar cap conditions. PCN and PCS refer to the Polar Cap Index (PCI) at Northern
(N) and Southern (S) hemispheres, respectively

refer to an unexpected propagation of transpolar TIDs from dayside to nightside on 8 Sep-
tember, identifying the cusp region as being efficient to trigger poleward TIDs to auroral
latitudes in the American and European sectors. D’Angelo et al. (2021) reported severe
phase fluctuations at polar latitudes in both hemispheres and clear signature of amplitude
scintillations recorded by GNSS receivers at SANAE and Concordia Antarctic stations
during the main phase of the storm.

4.4 The Auroral Events in May 2019

The storm that occurred on 10—11 May 2019 is characterised by the geospace conditions
described in Fig. 36.

A sudden increase occurred in the total IMF (Btot), solar wind density, solar wind
speed, and solar wind dynamic pressure around 18:00 UT on 10 May. Such simulta-
neous enhancements indicate that the interplanetary shock, part of the ICME possibly
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caused by the faint halo slow CME observed by SOHO/LASCO C2 on May 7, or by
a co-rotating interaction region (CIR) observed on 9 May (Kwon et al. 2022), or by a
combination of the two events, arrived at the Earth’s bow shock. The source identifica-
tion is out of the scope of this description, but the readers can refer to Piersanti et al.
(2020) to understand the importance of the solar wind evolution to assess the actual
impact on geospace. From 20:00 UT on 10 May to 06:00 UT on 11 May the solar wind
density was extremely high with a peak of about 25 cm™ while the bulk speed of solar
wind increased up to 400 km/s (Fig. 36). After 06:00 UT on May 11, the direction of
IMF Bz remained southward for 18 h or even longer. Such conditions caused a mod-
erate geomagnetic storm in terms of temporal variation in the SYM-H index which
decreased after the shock and reached a minimum of —57 nT around 03:00 UT on 11
May (Fig. 36).

Figure 37 shows the temporal developments of the aurora from the ASC (All Sky Cam-
era) at Jang Bogo Station, Antarctica (JBS, 79.87S MLAT, 53.56 W MLON) during the
geomagnetic storm of 11 May 2019. Red circles on the image indicate the spatial coverage
of the Fabry Perot Interferometer (FPI) observations for neutral winds and temperature.
The aurora begins to be observed at 12:15 UT near the eastern horizon. At 12:25 UT, the
aurora is enhanced with broader spatial coverage over JBS in association with poleward
expansion of the auroral oval. Auroral structures seem to be highly dynamic with time dur-
ing this interval as shown in panel d. At 12:55 UT in panel f, the auroral intensity decreases
except for the eastern sky of JBS as the poleward expansion of the auroral oval begins to
return to its normal location. After 13:00 UT, the auroral activity becomes too weak to be
observed from the ASC.

To compare the auroral activity with the temporal variations in the ionospheric currents,
a zonal keogram derived from ASC and magnetic field measurements by magnetometer
dIdD (Jee et al. 2021; Kwon et al. 2018) are shown in Fig. 38. The black and red lines in
panels (b) to (d) depict the 1-min and 5-min average magnetic fields, respectively. There
is no auroral activity from 08:00 UT to 12:15 UT on 11 May 2019, but the aurora starts
appearing at the eastern horizon and keeps expanding westward within one hour. Between

N 1205 U1

Fig.37 All-sky images observed by Aurora All-Sky Camera (ASC) at JBS during the geomagnetic storm
that occurred on May 11, 2019. The directions of the image and the observation time are indicated on each
image. The red circles indicate four directions of line-of-sight for FPI observation
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Fig.38 (a) Keogram showing auroral activity in a zonal cross-section from the ASC. (b)-(d) Temporal
variations in the geomagnetic field components measured by the dIdD magnetometer at JBS from 08:00 to
16:00 UT on 11 May 2019. The black and red lines in (b)—(d) indicate 1-min and 5-min averaged magnetic
field, respectively. Panels (e)—(f) show the time plots of ionospheric currents derived from magnetic field
measurements in (e) north—south and (f) east—west directions

12:25 UT and 13:00 UT, a bright aurora covers the whole sky and turns back to the east-
ern horizon at 13:30 UT. This temporal evolution of the auroral morphology is consistent
with the variations in the magnetic field measured by the magnetometer. The x-component
(meridional) in Fig. 38b shows obvious negative deviations from the background at the
auroral breakup. When the aurora disappeared over JBS, the meridional component of the
magnetic field also returned to the background level.

Figure 39a shows the neutral winds estimated from 630.0 nm airglow emissions
observed by the JBS Fabry—Pérot interferometer FPI during the geomagnetic storm. The
direction of the neutral wind is dominantly anti-sunward at JBS, being consistent with the
ion convection in the polar cap region (Lee et al. 2017). The most remarkable feature is
the minimum strength of meridional wind near the local midnight. The strong westward
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currents, as shown in Fig. 38f, drive large zonal wind but small meridional wind during
the active period (Fig. 39a). As the auroral activity weakens, the meridional wind becomes
larger than the zonal wind.

Clear enhancements of the airglow emissions were detected for all directions at the
auroral onset at around 12:00 UT (Fig. 38a). From the measurements of airglow inten-
sity, we found that there were auroral emissions with red colour at about 250 km, which
is the peak altitude of 630.0 nm airglow mission, although the ground-based aurora ASC
detected only green aurora at lower altitudes (Fig. 37). We also found that the evolution of
aurora observed by the aurora ASC is consistent with the observations of the airglow inten-
sity from the JBS FPIL.

The perturbations of the ionospheric currents shown in Fig. 38e—f are assumed to be the
electric field perturbations, which causes Joule heating. The Joule heating can be measured
as an increase in the temperature in the upper atmosphere. When aurora appeared at the
eastern edge of ASC, FPI also captured substantial temperature increases in the same direc-
tion as shown in Fig. 39¢c. Note that the intensity of the airglow emission was enhanced in
all directions of the FPI measurement in contrast with the temperature enhancement only in
the eastern sky. This spatial discrepancy between airglow intensity and temperature might
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SANAE-IV and Troll, 10-11 May 2019
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Fig.40 a Magnetic field variations observed over SANAE-IV, and b vertical TEC, ¢ ROT and d o, scintil-
lation index observed over Troll on 10-11 May 2019

be related to the time delay between the aurora intensification and the enhancement of the
Joule heating rate.

This geomagnetic storm was also observed at the Norwegian Research Station Troll
(geographic coordinates: 71.7°S 2.8°W, magnetic coordinates: 62.8°S 47.8°E) and
South African Station SANAE-IV (72.0°S 2.5°E, magnetic coordinates 62.0°S, 42.1°E)
both located in Queen Maud Land, with a distance of about 200 km from each other.
Figure 40 shows that there were variations in the magnetic field observed at SANAE-IV
on 11 May, with the minimum AH at about 02:00 UT, which can be related to strong
ionospheric current activity. This coincides with large variations in TEC observed over
Troll, as shown in Fig. 40b. A clear peak in phase fluctuations o4 indicates large struc-
turing in the plasma. The auroral imager at Troll recorded intense emissions at 630 nm
and 557.7 nm due to strong electron precipitation at about 02:30 UT, and this activ-
ity is typical for the auroral substorm (Fig. 41). The largest phase fluctuations in the
GNSS signals were associated with the expansion phase of the substorm. Clear auroral
arcs were observed during the onset of the substorm and in the recovery phase. Since
the arcs were localised, they affected a smaller number of GNSS satellites. Variations
in the AH component over SANAE suggest dynamic changes in the ionospheric cur-
rent system, which could facilitate structuring in the plasma as reflected in TEC and
scintillation data over Troll. The activity observed at Troll and SANAE-IV has about
10 h offset from the Jang Bogo station, but maximum variations in the Bz and Bx com-
ponents of the magnetic field have similar characteristics at both locations. This shows
that the storm of 10-11 May was a global event and that the extensive duration of IMF
Bz negative was facilitating magnetosphere-ionosphere-thermosphere coupling and
allowed for deposition of energy into the polar ionosphere through both auroral particle
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(b)

Fig.41 All-sky imager data from Troll station showing the intensity of emissions in a 630 nm and b
557,7 nm on 10-11 May 2019. The colour scale is arbitrary
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Fig.42 Southern high-latitude SuperDARN convection maps at about one hour before the auroral maxi- p
mum luminosity is observed at Troll and JBS (panel a and d), at the auroral luminosity maximum (panels b
and e), and about two hours after the luminosity maximum (panel ¢ and f). The maps are shown in a mag-
netic local time-magnetic latitude grid with noon at the top and dusk on the left. The solid green line is the
Heppner-Maynard Boundary. The minimum latitude of the HMB is reported in the bottom left of each map.
The difference between the potential maximum and minimum is indicated in the top left of each map. The
interplanetary magnetic field component in the Geocentric Solar Magnetospheric GSM Y-Z plane is shown
at the top right of each map

precipitation and frictional Joule heating. Analysis of data from different regions of
Antarctica allows for longer monitoring and better characteristics of this event.

The global Southern ionospheric convection at the time of SANAE, Troll and Jang
Bogo Station observations is presented in Fig. 42. The ionospheric convection maps are
generated starting from the SuperDARN radars velocity measurements available in the
Southern hemisphere for the periods of interest. The Radar Software Toolkit 4.2 (RST;
SuperDARN Data Analysis Working Group, 2017, 2018, https://superdarn.github.io/
dawg/filessyDAWG_Report_2018.pdf) is used to produce the global convection maps
according to the potential mapping technique by Ruohoniemi and Baker (1998). The
statistical model of Thomas and Shepherd (2018) is chosen for adding measurements in
regions where there are no observations from the radars. Such a model is parametrised
by the solar wind, IMF, and dipole tilt angle conditions. The convection maps are avail-
able at 2-min intervals.

The evolution of the convection during the 00:00-04:00 UT and the 10:00-14:00 UT
intervals when Troll and JBS observations are available has been studied by examining
the entire set of maps generated from the radar data. In Fig. 42, six convection maps are
shown. These represent the principal features of the convection evolution and possibly
show the large scale magnetospheric dynamics, for the two periods under study. The maps
are displayed in a magnetic local time-magnetic latitude grid with noon at the top and dusk
on the left. The latitudinal extension of the convection pattern is represented by the Hepp-
ner-Maynard Boundary (HMB) determined using radar data (Shepherd and Ruohoniemi,
2000). The HMB is located at the lowest latitude for which at least three line-of-sight vec-
tors with a velocity greater than 100 m/s lie on the boundary. In Fig. 42, the HMB is the
solid green line, and the minimum latitude of the HMB, the latitude of the intersection of
the HMB with the midnight meridian, is reported in the bottom left corner.

The maps cover periods at about one hour before (top row) and after (bottom row)
the auroral maximum luminosity, in correspondence with the auroral maximum lumi-
nosity (middle row) as observed at Troll (panels a, b, ¢) and JBS (panels d, e, f)). The
convection is mainly characterised by two cells with antisunward flows in the polar
cap. During the first period (panels on the left column), the two cell pattern is rotated
towards afternoon MLT since the IMF has a dusk-ward component. Such a convection
pattern can be set in the framework where reconnection at the dayside magnetopause
and in the geomagnetic tail drives the antisunward convection in the polar cap (with the
return flows at lower latitudes). Moreover, it can be noted that the latitudinal extension
of the convection varies between the maps of different rows. This is also highlighted by
the value of the minimum latitude of the HMB. In this respect, it has to be noted that
the HMB is well defined when the maps contain a sufficient number of data: for the
first period the majority of maps contains more than 200 points, which has been used
as a threshold in the past (Imber et al. 2013); for the second period the data points are
overall fewer, but still above 100, which appears as a critical number below which the
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HMB attains unrealistic values, for the majority of the maps. The polar cap can expand
and contract when the open terrestrial magnetic flux changes due to the variability of
the dayside and nightside reconnection rate (Milan et al. 2007 and references therein).
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Altogether, with the polar cap area, also the extension of the convection pattern varies
(Imber et al. 2013). For both the periods considered, an expansion can be noted of the
convection pattern shown in the maps of the middle row that pertains to the maximum
luminosity of the auroras shown in the maps of the top row. This can be interpreted as
due to the addition of open flux to the magnetosphere lobes because of ongoing recon-
nection at the dayside magnetopause. Indeed, the observed equatorward propagation
of the equatorward edge of SuperDARN backscatter is characteristic of the substorm
growth phase (Chisham et al. 2007 and references therein). Instead, a contraction of the
convection pattern is observed when comparing the two maps in the middle row with
the respective maps in the bottom row. Such a contraction can be related to the recon-
nection in the geomagnetic tail, at the origin of the auroras observed at Troll and JBS,
which eventually leads to magnetic flux re-closure and the consequent contraction of
the polar cap and the convection pattern. Although the sparseness of data coverage at
lower latitudes could be of some relevance for an accurate determination of the convec-
tion pattern extension, the observed evolution appears in agreement with the results of
the superposed epoch analysis of the HMB during substorms by Imber et al. (2013).
The convection pattern in the map of panel b), when the maximum luminosity aurora
is observed at Troll, is characterised by an anticlockwise vortex at very low latitudes in
the midnight sector, which is present in all the maps during the 02:24-02:44 UT inter-
val (not shown here). The nature of these flows is somewhat different from the nightside
convection usually observed by SuperDARN during substorms (Grocott et al. 2002).
This difference can be due to processes occurring in the inner magnetosphere (e.g. sub
auroral polarisation stream). Depending on its actual origin, the presence of such a vor-
tex could have artificially enhanced the HMB expansion to a certain degree.

5 Final Remarks and Next Steps

This survey focused on the observing capabilities and scientific knowledge gained in the
last two decades by the international community that studies the atmosphere and the geo-
space using observations acquired at and over the polar regions by means of radio probing
supported by auxiliary methods.

The polar regions are highly sensitive to geospace events, hence the poles are considered
to be space weather sentinels. Indeed, observation of the upper atmosphere at the poles
is crucial for a deep understanding of the physical mechanisms by which space weather
drives the dynamics of the circumterrestrial space and its effects on the ground. Such a
deep understanding of space weather drivers and effects are essential to develop reliable
forecasting models and to adopt trustworthy mitigation actions.

To discriminate between quiet and perturbed geospace conditions scientists often make
use of a norm designated as the “ambient average environment” to recognise discrepan-
cies associated with disturbances. The norm can be derived through the use of models,
data or a combination of data and models. The availability of long-term polar data series is
indispensable to build up a climatological picture of the response of the atmosphere to the
Sun-Earth interaction.

The combination of long-term and short-term studies of the polar upper atmosphere is
central to advancing our current knowledge of the global environment and making progress
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towards providing robust and reliable support for technologies that are vulnerable to
impacts by space weather.

Long-term observations of the polar atmosphere are important for the study of global
change. Also in this framework, the poles play a central role and their monitoring provides
several key pieces of information to advance the assessment of the contribution of different
factors (anthropogenic or natural) in global change that originate from below or come from
outer space.

From the monitoring perspective, data from close to 350 ground observatories are
currently available. These observatories allow the estimation of tropospheric water
vapour content or Precipitable Water (PW), Total Electron Content (TEC), plasma prop-
erties in the ionosphere and plasmasphere, disturbances of the geomagnetic field, and
many more geophysical parameters. Such a vast resource enables the investigation of
the neutral and ionised atmosphere at high latitudes over long and short term periods.
These observing sites cover a substantial part of the polar regions. However, the data
coverage is still uneven with gaps remaining especially in Eastern parts of Antarctica
and in the Arctic polar sector. While satellite data are presently used to fill these gaps,
new ground-based instrumentation infrastructures should be installed in the future to
improve the current coverage and provide the means for the calibration of satellite data.
Additionally, national institutions or international groups should join their efforts to
install co-located instrumentations to facilitate multi-disciplinary approaches to polar
research.

The combined adoption of data acquired by Low Earth Orbit satellites and ground-
based instruments, supported by the use of models, can effectively contribute to the inves-
tigation of global climate change throughout the monitoring of the Arctic and Antarctic
troposphere. Using this approach, scientists have revealed several significant features of
the atmosphere, such as the marked difference between the two poles of recent global
warming. The paucity of observations in the upper part of the atmosphere over the polar
regions is still a factor that limits the advancement of knowledge. This is particularly the
case for mesosphere-lower thermosphere investigations that lack continuous ground-based
observations in the vicinity of the stratospheric polar vortex edge, especially in Antarctica.
Studies considering the interaction between the upper mesosphere and the lower thermo-
sphere/ionosphere highlight the potential of the multi-disciplinary and multi-instruments
approach. Indeed, by using VLF and ionosondes, it has been made possible to identify the
oscillations associated with gravity waves in the D and E regions in the lower ionosphere.
Riometers allowed a deep knowledge of the response of the lower ionosphere to energetic
particle precipitation caused by several phenomena such as ICMEs, solar proton events,
and solar X-ray flares.

Among others, we cite the SuperDARN facilities as one of the most flexible types of
ground-based equipment with a large spectrum of possible applications to investigate the
circumterrestrial space, from the magnetosphere to the lower ionosphere and mesosphere.
Just to mention a few achievements, SuperDARN has been successfully used to identify
the polar cusp and the Lower Latitude Boundary Layer regions of the magnetosphere, to
provide valuable inputs to the Geospace Environment Modelling (GEM) program, and its
observations have been used to study ionosphere dynamics, ULF waves and mesospheric
winds above Antarctica.

Another formidable source of new information came with the advent of GPS in the
1990s. The exploitation of the GNSS signals received both at the ground and by LEO
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satellites allowed an in-depth investigation of the ionospheric climatology in the polar
ionosphere under different geospace conditions. From GNSS data analysis resulted a sig-
nificant advancement in the study of the polar troposphere. More recently, GNSS data have
been used to pursue studies on the plasmasphere at the poles, a topic not yet well under-
stood. The availability of special GNSS receivers configured to monitor ionospheric scin-
tillations boosted additional interest in the corruption of GNSS position estimation by the
ionospheric perturbations. The increasing deployment of this kind of receiver requires fur-
ther international efforts to identify shared common metrics to define what is the meaning
of the phase scintillation and to improve the algorithms for its derivation.

Although available for shorter periods than one solar cycle, in situ data acquired by
LEO satellites, such as those provided by CHAMP, COSMIC, Swarm, GRACE and FOR-
MOSAT-3/COSMIC, have been demonstrated to provide valuable additional insights into
ionospheric weather and climate. From the use of in situ data, for instance, the southern
polar cap was found to show a higher variability of the plasma than the northern polar cap,
possibly due to the offset of the geomagnetic pole and the geometry of the magnetic field.

Our review on ionospheric weather describes some examples of what we learnt and sug-
gests what we do not know yet. The following list of observations and questions, even if
not exhaustive, can hopefully help to address future research in our field.

1. Due to the nearly vertical geometry of the geomagnetic field lines at high latitudes,
the reconnection between the Earth’s magnetic field and the IMF results in a prompt
response of the auroral and polar ionosphere to fluctuations in the solar wind modifi-
cations. The question is, how prompt is that reaction and how does the electric field
penetrate to low latitude?

2. The effects of solar perturbations on the upper atmosphere over the poles are often
asymmetric. Do we fully understand the reason for such asymmetries?

3. What s the role of the coupling between the neutral and the ionised layers in the atmos-
phere at the poles?

4. Can we interpret plasmaspheric erosion as the signature of electric field penetration
from high to low latitudes during geomagnetic storms?

5. Can we identify when ionospheric plasma structuring at high latitudes appears as frag-
mentation from large to smaller-scale structures or vice versa as clustering of small-scale
irregularities into larger-scale configurations? What are the mechanisms for each of
these forms of restructuring?

6. Can we understand the origins of the long-term behaviour of the polar ionosphere and
discriminate between natural and anthropogenic contributions to such change?

7. How can we improve the modelling of the coupling of the neutral atmosphere to the
ionised atmosphere at high latitudes?

8. Is it possible to identify the contribution of anthropogenic and natural sources in the
assessment of climate change over the poles?

To progress on these (and many other) open questions, the increase in monitoring
through improving the current coverage and extending the number of multi-instruments
sites is fundamental. The overview of long term investigations and space weather events
described in Sects. 2 and 3 testifies how, despite the remoteness and harsh conditions of
the polar environment, the scientific community is improving significantly its capacity
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to monitor the atmosphere at high latitudes. A lot more should be done. To this end, the
following actions are proposed:

e Strengthen the collaboration between atmospheric scientists with heliophysicists to
learn more about solar wind forecasting (including CMEs propagation) and space
weather impacts;

e Foster the collaboration among experts of different disciplines, such as astrophysics,
planetology, neutral atmosphere physics and chemistry, and heliophysics to share the
competencies necessary to understand the roles of different drivers of atmospheric
and ionospheric dynamics from above and below;

e Facilitate the sharing of data, algorithms and models to harmonise the exploitation
of the information (adoption of standards, agreement on metrics, use of shared com-
munication tools, use of interoperable tools, etc.);

e Keep and strengthen the collaboration between the research communities that man-
age and exploit ground-based and in-situ observations to optimise and maximise
the efforts given an increasing number of multi-instruments sites on the ground and
multi-sensors payloads in space.

Our survey of the achievements gained in the last two decades in the field of the
geospace environmental monitoring at both poles points out the urgent need to rein-
force the existing international coordination to overcome the current gaps in the observ-
ing systems, from ground-based and satellite equipment, and to stimulate and facilitate
the adoption of a multidisciplinary approach as the preferred method to significantly
advance the state of the art in the knowledge of global change and the geospace
environment.
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