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Abstract—The low frequency array (LOFAR) is a phased array interferometer currently consisting of
13 international stations across Europe and 38 stations surrounding a central hub in the Netherlands.
The instrument operates in the frequency range of ~10-240 MHz and is used for a variety of astrophysical
science cases. While it is not heliophysics or space weather dedicated, a new project entitled “LOFAR for
Space Weather” (LOFAR4SW) aims at designing a system upgrade to allow the entire array to observe the
Sun, heliosphere, Earth’s ionosphere, and Jupiter throughout its observing window. This will allow the
instrument to operate as a space weather observing platform, facilitating both space weather science and
operations. Part of this design study aims to survey the existing space weather infrastructure operating
at radio frequencies and show how LOFAR4SW can advance the current state-of-the-art in this field.
In this paper, we survey radio instrumentation and facilities that currently operate in space weather
science and/or operations, including instruments involved in solar, heliospheric, and ionospheric studies.
We furthermore include an overview of the major space weather service providers in operation today
and the current state-of-the-art in the radio data they use and provide routinely. The aim is to compare
LOFAR4SW to the existing radio research infrastructure in space weather and show how it may advance
both space weather science and operations in the radio domain in the near future.

Keywords: Space weather / Radio

1 Introduction (Patil et al., 2017), pulsar and fast transient observations
(Stappers et al., 2011), and large-scale radio surveys (Shimwell
et al., 2017), among many others. LOFAR is also involved in
solar physics and space weather research, including both quiet
and active Sun, heliospheric, and ionospheric observations
(e.g., Fallows et al., 2013, 2016; Morosan et al., 2014; Vocks
et al., 2018). However, it does not observe the Sun or helio-
sphere constantly and therefore cannot function as a space
weather facility for monitoring or forecasting. A current project
known as LOFAR for Space Weather (LOFAR4SW; http://
www.lofardsw.eu) aims to design an upgrade to LOFAR such
“Corresponding author: eoincarley@gmail. com that it can observe the Sun, heliosphere, Earth’s ionosphere

The low frequency array (LOFAR) is a phased array
interferometer currently consisting of 13 international stations
spread across seven European countries with a central hub of
38 stations in the Netherlands (van Haarlem et al., 2013). The
system is operated by the Netherlands Institute for Radio
Astronomy (ASTRON), observes in the frequency range of
~10-240 MHz, and is used for a variety of astrophysical science
use cases, including research into the epoch of reionization
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and Jupiter simultaneously and constantly throughout its
observing window, even while performing observations of other
astrophysical objects. Such a system upgrade requires a redesign
of both front- and back-end systems, software pipelines
redesigns, as well as a redesign of the operational and adminis-
trative aspects of the entire system (see Appendix for further
details of this upgrade). As part of the design study, a survey
was performed to review the current and planned use of radio
instrumentation in space weather. The aim of this survey is to
define the relationship of LOFAR4SW to the overall landscape
of radio space weather research infrastructure. This includes
comparing LOFAR4SW to other radio instrumentation, as well
as a survey of how radio data are used by space weather service
providers.

Instruments operating in the radio domain were some of the
first to begin observing space weather phenomena routinely e.g.
the early observation of coronal shocks and energetic particles
in the form of type II and III radio bursts, respectively (Wild,
1950; Wild et al., 1959). Observations of such phenomena still
enjoy a prominent position in space weather science and oper-
ations in the modern era, and the variety of radio phenomena
under routine observation in a space weather context has grown
since these early developments. For example, analysis of solar
radio bursts and their relation to flares, coronal mass ejections
(CMEs), and solar energetic particles (SEPs) now play a key
role in the nowcasting and forecasting of such phenomena
(Balch, 1999; Cremades et al., 2015; Zucca et al., 2017);
Interplanetary scintillation (IPS) observations of CMEs and
the solar wind throughout the heliosphere are becoming a
new and integral part of geomagnetic storm forecasting (e.g.,
Bisi et al.,, 2010b; Jackson et al., 2015); Observations of
ionospheric scintillation, whether due to heliospheric, magneto-
spheric, or atmospheric drivers, are essential to aid the forecast
of radio communication degradations (van de Kamp et al.,
2009; Prikryl et al., 2012).

The variety of instruments used to observe these phenomena
has also grown, involving both ground- and space-based radio
observing infrastructure, covering a frequency range from kHz
to THz (see Gary, 2016 for a recent solar-specific review).
Space weather radio instruments range in complexity from sin-
gle antennas to long baseline interferometers composed of either
dishes or phased arrays. The number of space weather service
providers using radio data also continues to grow. These bodies
provide daily alerts on space weather conditions to interested
stakeholders in industry, such as the aviation, power-grid, and
satellite industries. Despite the variety of radio instruments used
in space weather and the increasing number of forecasters using
radio data routinely, a modern survey of radio instruments and
data used in a space weather capacity has not been performed.

This paper aims at such a survey and attempts to define how
radio data is used in space weather (for both science and oper-
ations), the current instrumentation in existence, which space
weather service providers use radio data, the developments
and state-of-the-art in space weather radio observations, and
finally how a fully built LOFAR4SW fits into this landscape
of existing facilities. In Section 1, we describe the primary space
weather phenomena and give a brief overview of how radio
observations relate to each. In Section 2, we describe the kinds
of radio data in use in space weather observations. In Section 3,
we survey the instruments currently in use in space weather
science and operations. In Section 4, we describe the current

major space weather service providers and how/if they use
radio data.

2 Space weather phenomena observed
at radio wavelengths

Radio techniques generally provide access to observations
of solar, heliospheric, and ionospheric space weather phenom-
ena. Here we briefly describe the different phenomena and the
kind of radio observations that are typically performed of each
one.

2.1 Solar flares

The sudden release of magnetic energy over tens of minutes
results in the acceleration of energetic particles and the emission
of light from across the entire electromagnetic spectrum. The
flare mechanism can result in both thermal and non-thermal
radio emission from a variety of mechanisms including thermal
bremsstrahlung (White et al., 2011), (gyro)-synchrotron emis-
sion (Dulk & Marsh, 1982), plasma emission and electron
cyclotron maser emission (Melrose, 2017). Exactly which
mechanism is observed depends on the conditions of the flaring
plasma, and fluxes can range from on the order 10°-10'° Jy
(where 1 Jy = 1 W m~" Hz™') depending on the emission
mechanism. Typical observations of such activity include
monitoring radio flux at discrete frequencies, e.g. with the Radio
Solar Telescope Network (Guidice, 1979), observing “solar
radio bursts” (SRBs) in dynamic spectra anywhere in the
frequency range from 10 kHz to above 1 GHz, as well as
imaging of the flare-related radio bursts themselves (see Pick
& Vilmer, 2008 for a recent review). Imaging and/or spec-
troscopy of flare-related radio activity is a powerful diagnostic
of flare plasma parameters and electron distribution functions
(White et al, 2011), particle acceleration mechanisms
(Fleishman et al., 2016), and particle propagation characteristics
(Reid & Kontar, 2018). Hence, these observations are vital for
understanding the origin of flare accelerated electrons and the
fundamental physics of the flare itself, which are both a major
part of space weather research. From an operations perspective,
fluxes of solar radio bursts can be so large that they can
adversely affect ground and satellite radio communication at
Earth (e.g., Marqué et al., 2018), hence there is a need to under-
stand the fundamental flare physics from a radio perspective.

2.2 Coronal mass ejections

The release of magnetic energy in the solar corona can also
lead to the expulsion of plasma structures known as CMEs.
CME:s can travel in excess of the coronal magnetosonic speed
and therefore drive shockwaves and accelerate electrons. Plasma
emission generated from these electrons is observed as “type II”
radio bursts (Nelson & Melrose, 1985), see Figure la and b.
They are observed from decimetric to kilometric wavelengths
(kHz to <1 GHz), with the long wavelength observation indicat-
ing the driving of an interplanetary shock — interplanetary type
IIs therefore have been used as a space weather forecasting
technique of interplanetary shock arrival at Earth (Warmuth &
Mann, 2004; Cremades et al., 2015). Direct imaging of
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Fig. 1. Examples of solar radio data typically used in space weather science and operations. (a) A dynamic spectrum of solar radio bursts. This
is the most typical observation type used to observe flares and eruptive activity in the solar corona. Type IlIs indicate electron beam propagation
into the heliosphere, the type II represent the driving of a shock (adapted from Pick et al., 2016). (b) Combination of eruption observation in
EUV and type II radio sources (pink, orange, and green points), adapted from Bain et al. (2012). (c) Data-driven modelling of the position of
type II and III radio sources with respect to the CME (adapted from Magdaleni¢ et al., 2014). (d) Direct observation of a radio CME using the
NRH (Bastian et al., 2001); such observations are rare, but can allow for a diagnostic of CME magnetic field close to the Sun (below a few solar

radii)

type II radio sources is typically performed at ~50450 MHz
(Dauphin et al., 2006; Bain et al., 2012; Zucca et al., 2017),
which generally provides shock observation below ~3 Re.
Spectral characteristics of type Ils, along with images of their
radio sources, can be a good space weather diagnostic of the
shock properties in the early phases of eruption, as well as
the properties of accelerated electrons themselves (Zucca
et al., 2012, 2017; Carley et al., 2013).

While imaging type II shocks is a means of tracking shock
activity in the low corona, radio sources from within the CME
itself can be observed in the form of type IV radio bursts (these
bursts can also have a component associated with the flare, and
a sub-class known as “moving type IV” is typically attributed to
the CME). These radio sources can be used as a rare diagnostic
of CME magnetic field in the low corona (Bain et al., 2014;
Carley et al., 2017), which is also an important space weather
property. They can allow for direct radio imaging of the CME
itself (Bastian et al., 2001; Maia et al., 2007) (Fig. 1d), but such
observations remain rare. More commonly, type IV bursts are
observed as discrete radio sources that are co-spatial with the
CME, providing indirect observations of the eruption in the
early phases of its evolution, typically below ~3 R.. Klein
et al. (2018) have also recently shown that microwave fluence
at the time of CME launch is correlated with CME speed and

can hence be a good space weather diagnostic of arrival time
at Earth.

One of the few ways to observe a CME in the interplanetary
medium is through observations of IPS (e.g., Bisi et al., 2010b).
This involves observations of intensity and phase changes of the
light from distant radio sources, which can provide a measure of
density and indication of magnetic field enhancements in the
heliosphere, see Section 4 for details. A primary goal in space
weather research and operations is to predict the arrival time
of CMEs at Earth, as well as forecasting the strength and direc-
tion of the CME magnetic field. Radio techniques remain one of
the most promising (if not the only) means of observing these
properties remotely before the CME arrives at Earth.

2.3 Solar energetic particles

During the flare or CME, energetic particles (electrons, pro-
tons, and ionised nuclei of heavy elements) may escape directly
into the heliosphere. If detected in-situ they are known as solar
energetic particles (SEPs; Reames, 1999). The particles can
have energies in the range of keV to GeV in the largest events.
Both the electrons and heavier nuclei can affect spacecraft
electronics (Xapsos et al., 2007; Glover et al., 2008), while
the protons and heavier nuclei pose a radiation hazard to
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astronauts or crew of trans-polar flights, with the hazard depend-
ing on SEP intensity and energy (Cucinotta et al., 2010;
Reames, 2013). Radio spectroscopic signatures in the form of
type IIs provide insight into SEP release into the heliosphere
(Klein et al., 2010; Kouloumvakos et al., 2015). The details
of the spectral characteristics and imaging of type IlIs can be
used as an indicator of SEP release time and position, as well
as a diagnostic of their means of propagation throughout the
heliosphere (at least for the electrons) (Agueda et al., 2014).
Despite efforts in forecasting SEPs, which sometimes involve
solar radio bursts (Balch, 1999, Zucca et al., 2017), SEP arrival
time prediction remains one of the most difficult aspects of
space weather. Much of the difficulty is in determining SEP
origin (either flare or shock see e.g., Kahler, 2007), and deter-
mining the complicated particle injection and transport physics
of SEPs through the heliosphere (e.g., Agueda & Lario, 2016;
Lario et al., 2017; Dresing et al., 2018; Laitinen et al., 2018).

2.4 Solar wind

The constant outflow of plasma from corona to heliosphere
is known as the solar wind, which generally comes in two vari-
eties; the slow wind with an average speed of ~350 km s~ and
fast wind with average speed of ~750 km s " at 1 AU. The slow
wind is thought to emerge from closed regions of magnetic field
in the corona, while the fast wind emerges from regions of open
magnetic field known as coronal holes (Cranmer, 2009). Since
coronal holes can be maintained for months and rotate roughly
at the same rate as the Sun, conduits of fast wind that impact on
neighbouring slow wind streams can be maintained for months.
Such regions of interacting fast and slow wind constantly sweep
around the solar system and are known as co-rotating interaction
regions (CIRs). If a CIR impacts the Earth, it can cause a geo-
magnetic disturbance known as a sub-storm (Tsurutani et al.,
2006). Tiburzi et al. (2019) has recently shown the effectiveness
of using dispersion measures of low frequency radio observa-
tions of pulsars in characterising the state of the solar wind,
while Bisi et al. (2010a) and Richardson (2018) have also
shown that similar techniques in interplanetary scintillation
can be used to observe CIRs well inside Earth-orbit.

2.5 lonospheric disturbances

Conditions in the ionosphere can become disturbed due to
the increased levels of X-ray and EUV emission during solar
flares, leading to increases in the total electron content (TEC)
in the ionosphere (e.g., Selvakumaran et al., 2015). Furthermore,
significant levels of geomagnetic activity caused by disturbances
in the solar wind from CIRs or CMEs can lead to increased
activity in the ionosphere, e.g. sudden ionospheric disturbances,
increased turbulence, a variety of ionospheric currents, particle
instabilities, and waves in ionospheric plasma (Tsurutani et al.,
2009). Plasma turbulence in the ionosphere can strongly affect
many of the technologies upon which we increasingly rely,
including satellite communications, radar target detection, and
precision navigation via Global Navigation Satellite Systems
(GNSS). Use of radar, scintillation measures, and spectroscopic
signatures of such activity (see Sect. 4) can aid the diagnostics of
ionospheric disturbances and serve as a measure of radio
communication quality during times of elevated solar activity
(Zigman et al., 2007; Yasyukevich et al., 2018)

2.6 Geomagnetic storms

Impact of CIRs or CMEs on the Earth’s magnetospheric
environment can lead to a highly disturbed geomagnetic field,
known as a geomagnetic storm (Kappenman, 1996). Geomag-
netic storms are most powerful when the interplanetary
magnetic field is oppositely directed to the Earth’s geomagnetic
field i.e. when the interplanetary “B, component” is directed
southward. This causes increased levels of magnetic reconnec-
tion on the day-side geomagnetic field and increased currents
in the ionosphere, ultimately leading to geomagnetically
induced currents (GICs) in ground-based technologies like
electricity grids or oil and gas pipelines (e.g., Boteler et al.,
1998; Trichtchenko & Boteler, 2001). Hence, predicting
geomagnetic storms is an essential aspect of space weather
monitoring. To date, such forecasts have proved the most
challenging aspect of space weather science and prediction.
Radio observations of IPS and Faraday rotation (see Sect. 4)
remain the only viable method for remote monitoring of the
strength and direction of the interplanetary magnetic field (Bisi
et al., 2010b) and hence one of the few methods of forecasting
these properties.

3 Space weather impacts and indices;
radio perspective

Each of the space weather phenomena described above is an
active area of space weather research from a scientific perspec-
tive. As described, these phenomena can have an impact on
Earth’s technological infrastructure, and these impacts are
generally measured via space weather indices. These indices
are metrics used to define the current space weather conditions
in an operational capacity, and radio observation can contribute
to their forecast and nowecast in a variety of ways.

3.1 Indices of geomagnetic storms

The severity of geomagnetic storms (and subsequent GICs)
is monitored via a large number of worldwide magnetometers
(e.g. Wei et al., 2013). Measurement of the components of
the Earth’s electromagnetic field over time can be used to derive
indices that indicate the current state of the geomagnetic field or
severity of any geomagnetic storm, including the Dsz-index
(a measure of the increase of ionospheric ring current), k-index
(a measure of the regional or local rate of change of the
geomagnetic field), and kp-index (a planetary-scale version of
k-index), and NOAA’s G1 (minor) to G5 (severe) rating. Radio
observations may indirectly contribute to the forecast of these
indices via observations of IPS. However, forecasting the
severity of a geomagnetic storm (Dst and kp-strength) from
the properties of an earth-bound CME or solar wind transient
remains a significant research challenge. There is currently no
known way to remotely observe interplanetary magnetic field
strength and direction, but recent research has shown that radio
diagnostics of the Faraday rotation of light from radio sources
passing through the heliosphere could provide insight into these
properties (see Sect. 4). Hence the radio domain is one of the
primary candidates for accurate geomagnetic storm prediction
in the near future.
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3.2 Indices of radio communication interruption

The ionosphere can become disturbed during times of
increased solar activity, resulting in interruptions in the quality
of radio communications. There are a variety of measures of
the quality of ground- and spaced based radio communications
via the ionosphere. These include the S4, ¢ indices — a measure
of the variation in intensity and phase of GNSS signals at
1.58 GHz and 1.23 GHz coming through the ionosphere (the
technique can be applied to many other frequencies but GNSS
carrier frequencies are the most widely used). The total electron
content (TEC) of the ionosphere is an important parameter
related to the frequency of radio waves which experience trans-
mission or reflection from the ionosphere and is derived from
GNSS, ionosonde or active/passive radar (see later). Related
to this, the maximum usable frequency (MUF) is the highest
radio frequency that can be used for transmission between
two points via reflection from the ionosphere. Other parameters
include the highest ordinary-wave frequency (fofE) reflected
back from a sporadic E layer, the altitude of the peak density
in the ionospheric F2 layer (hmF2), and the plasma frequency
of the F2 layer (foF2), each observed by ionosondes (see Bilitza
et al., 2014 for a review of the International Reference
Ionosphere model in relation to these indices). The variability
of flux at 10.7 cm (F10.7) is also used as a proxy for full Sun
EUV flux and can be used as an input into ionospheric models.
There has also been recent suggestion of the use of F11.1 as a
compliment to this (Acebal & Sojka, 2011). Each of the above
metrics are constantly monitored worldwide as a means of
nowcasting global radio communication quality through the
ionosphere and they are some of the most popular metrics of
space weather activity observed at radio frequencies.

In addition to disturbed radio communications due to
ionospheric conditions, radio communications can also be ren-
dered ineffective due to high flux from solar radio bursts. For
example, the hi%h intensity of solar radio bursts (sometimes
greater than 10° solar flux units (SFU), where 1 SFU =
10* Jy = 107> W m 2 Hz ") can result in carrier-to-noise ratio
degradation in the L1 observing channel of GPS satellites
(Cerruti et al., 2006). In extreme cases the interference can be
so bad it may also result in loss of GPS navigational lock at sites
across the Sun-lit side of the Earth for up to 10 min (Cerruti
et al., 2008). Recent results have shown that such a degradation
in GPS signals can result in position errors of up to 300 m
(Muhammad et al., 2015). Marqué et al. (2018) has also shown
recently that communications for aeronautical navigation at
~1 GHz may also experience interference during intense solar
radio bursts. There is no universal metric of radio burst intensi-
ties, but one standard is the National Oceanic and Atmospheric
Administration (NOAA) Space weather Prediction Center
(SWPC) R1-RS5 rating, rated minor to extreme in terms of radio
burst flux.

3.3 Radiation hazards

The arrival of SEPs at Earth can cause damage to satellite
electronics (via either electronic discharge or heavy-ion impact
on microelectronics) and cause a radiation hazard for astronauts
or the crew of high-latitude flights, with the level of risk
depending on particle intensity and energy (Glover et al.,
2008; Cucinotta et al., 2010; Reames, 2013). The indices by

which particle radiation storms are measured are varied, but
one of the primary metrics is the NOAA SWPC S1-S5 index.
Radio observations are sometimes involved in nowcasting of
SEPs (Balch, 1999; Zucca et al., 2017), and could potentially
be used to nowcast the severity of particle radiation storms.
However, the impact of SEPs remains a significant challenge
in both space weather nowcasting and forecasting (Anastasiadis
et al., 2017).

4 Radio observation techniques used
in space weather

There are a variety of techniques used routinely in radio
observations of space weather phenomena. These include some
well known techniques such as monitoring total solar flux with
time series, dynamic spectroscopy of solar radio bursts, and
interferometric imaging. Some typical examples of these obser-
vation types are shown in Figure 1 and the instruments that
observe these data types are outlined below. In this section,
we outline some of the latest techniques available for radio
space weather observations, particularly those used by phased-
array interferometers such as LOFAR. The additional advantage
of a phased array is the ability to beam-form in potentially
hundreds of different directions at once (van Haarlem et al.,
2013). This allows for the observation of hundreds of sources
on the sky and in the case of LOFAR4SW gives the ability
to simultaneously observe the Sun, heliosphere, and ionosphere
(as well as any other astrophysical observation). The latest space
weather techniques which can generally make use of beam-
forming are as follows.

4.1 Tied-array solar imaging

Phased array instruments such as LOFAR can produce mul-
tiple telescope beams on the sky in the same or many different
directions. This effectively allows for observation of time series
(and dynamic spectra) along multiple lines-of-sight. When these
multiple beams are arranged in a grid-pattern in a single
direction (at a single source) on the sky, the technique is known
as “tied-array imaging”, see Figure 2 for an example applied to
solar observations using LOFAR. In recent years such a tech-
nique has been successfully employed to perform spatially
resolved observations of solar radio bursts (e.g., Morosan
et al., 2014, 2015; Reid & Kontar, 2017). Compared to interfer-
ometric imaging, the advantage of such a technique in the case
of LOFAR is its much higher time-sampling, e.g. the time
resolution of tied-array imaging with LOFAR is potentially as
high as micro-seconds (compared to >0.1 s for interferometric
imaging), depending on the frequency resolution. Such high
time resolution has provided a means of observing the origin
of fine structure and how radio waves propagate through the
corona (Kontar et al., 2017). Furthermore, one of the advantages
of the LOFAR system is that interferometric and tied-array
imaging can also be performed simultaneously.

4.2 Observations of interplanetary scintillation

While beam forming on the Sun has lead to breakthroughs
in the understanding of solar radio bursts, beam-formed
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Fig. 2. An example of tied-array imaging applied to the solar corona from Morosan et al. (2015). Using LOFAR core stations, up to
488 beamlets can be arrange in a grid over the Sun, each giving a dynamic spectrum of the radio activity at that particular location. This allows
for spatially resolved observations of radio bursts on the Sun, in this case the examination of the origin of fine structure known as S-bursts.

observations of distant radio sources are used to perform
observations of IPS. This technique monitors the variability in
flux and phase of distant radio sources and can be used to diag-
nose density and velocity variations (from CIRs/SIRs or CMEs)
in the interplanetary medium, see Figure 3. Observations of IPS
can be used to monitor and sometimes forecast solar wind/CME
conditions (Jackson et al., 2013) and the technique has been
demonstrated using multiple instruments of the Worldwide IPS
Stations (WIPSS) network. If there is full Stokes polarisation
information available then it is theoretically possible to
estimate the solar wind/CME magnetic field strength and
direction via monitoring of a phenomenon known as Faraday
rotation (e.g., Jensen et al., 2010). As light from a distant radio
source travels through the interplanetary medium (IPM), the
plane of polarisation of the radio waves rotate, with the amount
of rotation depending on the magnetic field strength and
direction in the IPM or any CME contained within it. This can
lead to a calculation of the line-of-sight magnetic field component
of a CME in interplanetary space, and some promising results
have recently been shown using the Very Large Array at
1-2 GHz for a CME at 6-15 R, (Kooi et al., 2017). However,
observing CMEs further into the heliosphere (0.4 AU) at LOFAR
frequencies must contend with the additional Faraday rotation
also experienced by emission passing through the ionosphere,
so distinguishing the rotation component due to a CME alone
remains a significant challenge in radio space weather studies.
Nonetheless, efforts are underway to achieve this and
LOFAR4SW aims to be a pioneer in this effort in the near future.

One of the most advanced space weather forecasting
techniques is in the use of magnetohydrodynamic (MHD) mod-
els of the solar wind (including transients) throughout the
heliosphere, such as the ENLIL model (e.g., Odstrcil, 2003).
ENLIL (named after the Sumerian “God of Wind”) is a
large-scale, MHD-based numerical model of the heliosphere,

used to provide 1-4 day advance warning of solar wind struc-
tures and Earth-bound CMEs. The model requires input of the
boundary conditions in the solar wind at ~21 R, and density
and velocity observations of IPS are now used routinely to pro-
vide these boundary conditions (Jackson et al., 2015; Yu et al.,
2015). IPS + ENLIL is now used by multiple space weather
service providers to provide forecasting of solar wind plasma
parameters days in advance, see Section 5.2.

4.3 lonospheric scintillation and active/passive radar

Beam-forming can also be used to monitor ionospheric con-
ditions in both space and time. Ionospheric studies in a space
weather context primarily use radar techniques that are classified
as a subset of two categories, namely active and passive radar.
Active radar consists of transmitting a radio signal into the iono-
sphere and receiving the reflected/returned signal with a receiver.
Comparing transmitted and returning signals provides an analy-
sis of ionospheric conditions and hence provides useful informa-
tion of the quality of radio communications that interact with the
ionosphere. Passive radars do not transmit, but receive signals
from known transmitters, such as TV and radio transmission
channels. The techniques are varied but mainly consist of:

e Jonosonde (active): Ionospheric sounders use radio trans-
missions that experience total reflection at the local
plasma frequency. From the analysis of the reflected
signal, electron density characteristics of the ionosphere
(TEC maps) can be derived. Different frequencies can
probe different altitudes/regions in the ionosphere, and
they primarily operate in the HF range, see Figure 4.

e Riometry (passive): Relative Ionospheric Opacity Meters
for Extra-Terrestrial Emissions of Radio waves measure
the absorbed power from galactic sky noise, which is a
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Fig. 3. Examples of heliospheric observations from IPS typically used in space weather science and operations. (a) IPS g-level (related to
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velocity of solar wind (left) and ACE data of density (right) with respect to time, plotted with forecast of the same property using observations
of IPS. Observations such as these are now used routinely in space weather forecasting. Realtime data are available at http://ips.ucsd.edu/.

function of the degree of ionisation (electron density) of
the ionospheric D region (70-100 km altitude).
LOFAR4SW intends to operate as a passive system for
ionospheric studies monitoring, including riometry.

e Incoherent scatter radar (active): A technique that
observes weak scatter from thermal plasma ion-acoustic
and Langmuir mode resonant oscillations. Primary mea-
surements include electron density, electron temperature,
ion temperature, and ionospheric drifts. Operation can
be in HF/VHF/UHF/L-band.

e Coherent scatter radar (active): These systems measure
coherent scatter from ionospheric irregularities due to
plasma instabilities, waves, and structures. Modern
systems perform radar imaging, and can operate in the
HF domain.

LOFAR4SW will be able to perform routine observations of
the ionosphere using passive radar techniques that monitor iono-
spheric disturbances. It will also monitor scintillation in the
ionosphere in much the same way as GNSS receivers. GNSS

antennas receive the signals from satellite beacons and monitor
the amplitude and phase change of discrete single-frequency
time-series’, providing information on the S4-index and
¢-index, and conditions in the ionosphere such as the total
electron content (TEC), among other properties (e.g., Vila-Valls
et al.,, 2017). However, such measurements are usually per-
formed at a single frequency and spatial location; much greater
information can be found in the dynamic spectrum over a wide
frequency bandwidth (e.g., Fallows et al., 2014), and making
use of the wide geographic distribution of LOFAR4SW stations
across Europe. Widespread stations and the ability to beamform
towards multiple points on the sky will enable the dynamics of
large-scale phenomena, such as Travelling Ionospheric Distur-
bances (TIDs), to be studied, while small-scale dynamics can
be viewed using the dense LOFAR core stations.

The current operational plan for LOFAR4SW is the perfor-
mance of daily observations using solar imaging spectroscopy,
solar tied-array imaging, IPS, FR, and ionospheric studies using
both passive radar and scintillation techniques. Each of these
techniques will be performed simultaneously, making
LOFAR4SW one of the few instruments in the world capable
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in Table 1.

of simultaneous observation of the Sun, heliosphere, and iono-
sphere in a space weather science and operations capacity.

5 Space weather radio research
infrastructure

This section provides information on space weather research
infrastructures, which include the instruments used to perform
space weather observations and the bodies that use the data
from these instruments to provide space weather forecasts,
warnings and other services. While regional surveys of such
infrastructures exist (see Denardini et al., 2016 for a recent
review of space weather research networks in Latin America),
our survey concentrates on the worldwide infrastructure, specif-
ically operating in the radio domain.

5.1 Space weather instruments operating at radio
wavelengths

In the following, a space weather instrument is any ground-
or space-based instrument that is capable of monitoring solar,
heliospheric and/or ionospheric phenomena, enabling both
space weather science, and forecasting. There are a huge

number of instruments operating in the radio domain, ranging
in complexity from small GNSS antennas to long-baseline
phased-array interferometers such as LOFAR. Such instruments
observe one or more of the phenomena outlined in Section 2
and are either dedicated solar instruments (therefore offering
some level of space weather monitoring) or non-dedicated
(contributing to Space Weather Science). Here we mainly
concentrate on instruments that are dedicated to observing the
Sun, heliosphere, and/or ionosphere. Figure 4 attempts to sum-
marise the primary instruments performing radio space weather
science and/or operations. It shows instruments operating from
frequencies of kHz—THz, the heliospheric domain such frequen-
cies generally give access to, and the type of observations made
(imaging spectroscopy, beam forming and spectroscopy, or time
series and spectroscopy). Those instruments shown in grey can
observe solar and space weather phenomena, but are not dedi-
cated instruments.

For solar observations, there are a limited number of inter-
ferometers that observe the Sun routinely, including the Nancay
Radioheliograph (NRH; Kerdraon & Delouis, 1997), located in
central France and observing the solar corona at ten discrete
frequencies from 150 MHz to 450 MHz; the recently built
Mingantu Solar Radioheliograph (MUSER; Mei et al., 2018)
located in inner Mongolia and performing imaging spectroscopy
of the solar corona from 0.4 GHz to 15 GHz; the Gauribidanur
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instruments offering radio observations of space weather phenomena (outlined in Fig. 4 and Table 1). Green circles indicate the instruments that
are space-weather dedicated, with orange circles indicating instruments that can perform solar observations but don’t do so routinely. Green
triangles indicate the positions of the radio spectrometers of RSTN which provide routine SRB monitoring and alerts.

Radioheliograph (GRAPH; Ramesh et al., 1998) in southern
India, operating at discrete frequencies between 40 MHz and
150 MHz; the Expanded Owens Valley Solar Array (EOVSA;
Kuroda et al., 2018) in the USA, performing imaging spec-
troscopy from 1 GHz to 18 GHz; the Japanese Nobeyama
Radioheliograph (NoRH; Nakajima et al., 1994) operating at
17 GHz and 34 GHz, and the Siberian Solar Radio Telescope
(SSRT; Grechnev et al., 2003) operating at the single frequency
of 5.7 GHz (the location of these and other instruments are
shown in Fig. 5). Of the numerous interferometers performing
imaging spectroscopy of the Sun routinely, LOFAR4SW will
have the lowest operating frequency, down to the ionospheric
cut-off (imaging to the greatest altitude in the corona of
~3 R.). The lower frequency bands observed by LOFAR
(4SW) are vital observations, giving access to regions of the
corona where eruptions are accelerated, shocks are driven,
and energetic particles are released into the heliosphere. Such
observations are therefore essential for understanding early-
phase space weather phenomena. LOFAR4SW is also unique
in the sense that it is one of the few instruments capable of
imaging spectroscopy both as an interferometer and as a tied-
array beamformer. It can also perform these modes simultane-
ously, providing the dual advantage of high sensitivity and
spatial resolution of interferometry and high temporal resolution
(potentially mili or microseconds) of tied-array imaging. In this
sense, it will be the most diverse amongst the imaging spec-
trometers that observe the Sun on a routine basis.

Since the LOFAR4SW system will act as an interferometer
and a beam-former, it will also bridge the gap between instru-
ments that are solely used to image the Sun (e.g., NRH and
MUSER) and those that perform observations of IPS in the
heliosphere, including the Big Scanning Array of Lebedev
Physical Institute (BSA-LPI; Dagkesamanskii, 2009) operating
at 111 MHz and located in Russia; the Mexican Array Radio
Telescope (MEXART; Mejia-Ambriz et al., 2010) operating
at 140 MHz; the Korean Space Weather Centre (KSWC) IPS
array (http://spaceweather.rra.go.kr) operating at 327 MHz; the
Solar Terrestrial Environment Laboratory ISEE IPS array oper-
ating in several locations in Japan at 327 MHz (Asai et al.,
1995); and the Ooty Radio Telescope (ORT; Sukumar et al.,
1988) also operating at 327 MHz, located in India.
Observations of IPS are also part of the wider plans for space
weather monitoring as part of the the Chinese Meridian Project
(Wang, 2010).

Of those instruments that observe the heliosphere through
IPS, LOFAR4SW will be one of the few instruments to do so
over a broad frequency band, as opposed to the single frequency
phased arrays that are commonly used, and with the ability to
observe multiple sources simultaneously. The IPS-capable
stations listed above are officially grouped into a consortium
known as the Worldwide Interplanetary Scintillation Stations
(WIPSS; Bisi et al., 2017) network, the goal of which is to
routinely provide IPS observations for space weather science
and forecasting purposes.
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Table 1. Radio instruments performing observations for space weather science and/or operations.

Instrument Frequency Local noon Observable Angular Operational SW
(MHz) (UTC)* resolution phase monitoring®

LOFAR 10-240 11 Sun, IPM, Iono 1.4-30" (core stations) >2006 No

LOFAR4SW 10-240 11 Sun, IPM, Iono 1.4’-30" (core stations) >2023 Yes
SKA 350-14000 10 (SA), 4 (AUS)  Sun, IPM, Iono TBD >2020 No

MUSER 400-15000 4 Sun 1.3'-50" >2014 Yes
FAST 70-3000 4 Sun 0.8'-30' >2017 No

EOVSA 1000-18000 20 Sun 0.05'-1' >2015 Yes
MWA 80-300 4 Sun, IPM, Iono 1'-5' >2012 No

NRH 150-445 11 Sun 0.9-2.6' 1997-2014 Yes
GRAPH 50-150 7 Sun 3/-11.2 1997 — present Yes
VLA 74-50000 18 Sun 1.2"-13 >1980 No

OVRO-LWA 10-88 18 Sun, IPM, Tono 2-20° >2009 Yes?
NoRH 17, 34 3 Sun 0.07-0.1 >1992 Yes
SSRT 5700 5 Sun 15" >1996 Yes
EISCAT 3D 218-248 TBD IPM, Tono TBD >2021 TBD
ORT 327 7 IPM N/A >1970 Yes
MEXART 140 17 IPM N/A >2010 Yes
BSA-LPA 111 7 IPM N/A >1970s Yes
GMRT 150-1500 7 Sun, IPM 21 >1998 Yes
KSWC-IPS 327 4 IPM N/A N/A Yes
Tonosondes® 0.5-20 0-24 Iono N/A N/A Yes
ISEE 327 3 IPM N/A >1980s Yes
KAIRA 10-240 11 Tono 2-20° >2012 Yes
RSTN 25-85 0-24 Sun N/A >1980s Yes
WIND/WAVES 0.01-14 0-24 Sun, IPM N/A >1996 Yes
STEREO/WAVES 0.01-16 0-24 Sun, IPM N/A 2006-2015 Yes
SO RPW 0.01-20 Intermittent Sun, IPM N/A 2019-2022 Yes
PSP FIELDS 0.01-20 Intermittent Sun, IPM N/A 2019-2025 Yes
SRB monitoring® 10-5000 0-24 Sun N/A N/A Yes

* If the observatory performs daytime space weather observations it may do so at any time when the Sun is visible, however nominal operation

is likely to be several hours centered on local noon.

" There are hundreds of global ionosondes and SRB monitoring observatories. The parameters presented here are a generic representation of

their nominal operational ranges.

¢ SW monitoring refers to whether or not the instrument observe the sun, heliosphere or ionopshere constantly throughout its observing

window.

4 OVRO-LWA is currently being upgraded with a solar-dedicated backend for space-weather-capable imaging spectroscopy (completion

expected in ~2 years).

LOFAR4SW will routinely monitor the ionosphere and will
provide complimentary observations alongside the Kilpisjarvi
Atmospheric Imaging Receiver Array (KAIRA; McKay-
Bukowski et al., 2015), which is an independent station using
LOFAR hardware, located in northern Finland and dedicated
to observations of the ionosphere through passive radar; the
European Incoherent Scatter (EISCAT; Rishbeth & Williams,
1985) radar system is a combination of three active radars oper-
ating at 224, 500, and 931 MHz located on Svalbard, Northern
Scandanavia, also providing routine ionospheric studies (a new
system known as EISCAT_3D is under development, aiming to
provide 3D monitoring of the atmosphere and ionosphere for
space weather science and operations). As well as these radar
systems there are hundreds of ionosonde instruments operating
globally. They are grouped into several networks of instruments
such as Low-latitude Ionospheric Sensor Network (LISN) and
Realistic Tonosphere (RI) networks, which participate in the
United Nations International Space Weather Initiative (ISWI).
Because the individual instruments number in the hundreds,
only the general frequency of operation from 1 MHz to

20 MHz is indicated by the “Ionosonde*” marker in Figure 4.
To add to this, there are thousands of Global Navigation
Satellite System (GNSS) monitors that observe ionospheric
scintillation at 1.23 and ~1.58 GHz (in L-band). As outlined
in Section 5.2, ionospheric observations are among the most
popular space weather data products and LOFAR4SW will be
one of the most sensitive and advanced amongst the stations
providing textbfthis kind of data.

LOFAR4SW will also provide complimentary observations
of SRBs via both imaging spectroscopy and tied-array imaging.
Ground-based SRB monitors number in the hundreds worldwide.
They range in complexity from interferometers to single dish/
antennas and receivers. Some of the most notable radio burst
monitors used in space weather science and operations are the
multiple sites of RSTN (Guidice, 1979), providing 24 h dynamic
spectra observations from four separate sites around the world;
the Nancay Decametric Array (NDA; Lecacheux, 2000)
operating from 10 MHz to 80 MHz and the “Observation
Radiospectrographique pour FEDOME et I'Etude des Eruptions
Solaires” (ORFEES; https:/www.obs-nancay.fr) observing
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from 100 MHz to 1000 MHz, operated at the Nangay Radioas-
tronomy Facility in central France; the eCALLISTO network
(Benz et al., 2009) with several sites worldwide operating
anywhere between 45 MHz and 870 MHz (depending on the
site), also providing 24 h monitoring of SRBs. These are just
some of the many individual stations and networks of SRB
monitors worldwide, so only the general frequency of operation
is indicated as “SRB Monitoring®” in Figure 4. Importantly,
LOFAR4SW’s lowest frequencies of operation extend down to
the ionospheric cut-off at 10-20 MHz, joining the highest
frequency of operation of the small number of space-borne
SRB monitoring platforms, namely WIND/WAVES (Bougeret
et al., 1995), STEREO/WAVES (Bougeret et al., 2008), Parker
Solar Probe (PSP) FIELDS (Bale et al., 2016) and Solar Orbiter
(SO) Radio and Plasma Waves (RPW; Maksimovic et al., 2007)
instruments. These instruments operate from a few kHz to
~16 MHz and provide observation of interplanetary type II and
III bursts (among many other phenomena), which are essential
for monitoring interplanetary shock and energetic electron prop-
agation. LOFAR4SW, WAVES and S/WAVES could provide
continuous coverage of SRBs from low corona (~2 R,) to inter-
planetary space (>100 R.), provided they are all functioning
simultaneously in the future. The PSP and SO missions will
perform several perihelia of the Sun, providing intermittent
observations of the inner-heliosphere and solar corona with
nominal mission lifetimes up to 2025 and 2027, respectively.
LOFAR4SW therefore has the opportunity to overlap with these
new and future missions, potentially providing simultaneous
radio (as well as in-situ) observations from inner-heliosphere
and Earth-based platforms.

Overall, Figure 4 shows where LOFAR4SW sits in compar-
ison to the major radio research facilities in space weather,
bridging the gap between solar, heliospheric, and ionospheric
observations, as well as having the capability of multiple
observing techniques such as imaging spectroscopy, tied-array
imaging and general beam-forming. LOFAR4SW will therefore
be one of the most versatile and advanced instruments in use for
space weather science and operations. The characteristics of the
facilities mentioned above is provided in Table 1.

5.2 Space weather service providers utilising radio
observations

Here we define space weather service providers as any
institute or body that uses the data/metadata/analysis from space
weather instruments to provide forecasts and warnings of space
weather phenomena. The dissemination of data and forecasts
are either via a website or an email warning system. As men-
tioned, service providers are the main stakeholder of informa-
tion from instruments and observatories. Their primary goal is
to act as liaison between scientists, who record and analyse data,
and industry or government bodies who use the results of these
analyses.

There are 22 space weather service providers to monitor
solar, heliospheric, and/or ionospheric activity. Table 2 lists
each SW service provider and the radio data used in their
service provision. The most popular space weather radio
disseminated through the SW service providers is ionospheric
data, with 19 out of 22 using these data. This is followed by
radio flux monitoring at single frequencies such as F10.7
(9/22), SRB monitoring (10/22), and finally observations of

Table 2. Worldwide space weather service providers and associated
radio data provision on their public domain websites.

SW service provider SRBs 1PS F10.7

SWPC
MOSWOC
KSWC
SCiSMEX
SIDC
SRC-RWC
SWS
NISR

IPG

SEPC
KNMI
SWACI
NPL-RWC
SWIFtS
SWEC
SANSA
LSWC
deSWua
IONOCY
CSWFC |7
SRC-RWC 7
ESC [

Ionosphere

YYYYXYXNY
XYY\ Y

XXYYXYYXYXYNXNX

YYYYYYXNXYXYXYXNXYXYXNYNYXYYNY
XX\

SWPC, Space Weather Prediction Centre (USA); MOSWOC, Met
Office Space Weather Operations Centre (UK); KSWC, Korean
SpaceWeather Centre (Republic of Korea); SCiSMEX, Space-
Weather Service Mexico (Mexico); SIDC, Solar Influences Data
Analysis Center (Belgium); SRC-RWC, Space Research Center-
Regional Warning Center (Poland); SWS, Australian Bureau of
Meteorology Space Weather Services (Australia); NISR, National
Institute for Space Research (Brazil); IPG, Institute of Applied
Geophysics (Russia); SEPC, Space Environment Prediction Center
(China); KNMI, Royal Netherlands Meteorological Institute (Neth-
lerlands); SWACI, Space Weather Application Centre (Germany);
NPL-RWC, National Physical Laboratory-Regional Warning Center
(India); SWIFtS, Space Weather Information and Forecast Services
(Indonesia); SWFC, Space Weather Forecast Center (Japan);
SANSA, South African National Space Agency (South Africa);
LSWC, Lund Space Weather Centre (Sweden); ESWUA, Electronic
Space Weather Upper Atmosphere site (Italy); IONOCY, Cyprus
Ionospheric Research Group (Cyprus); CSWFC, Canadian Space
Weather Forecasts Centre (Canada); IAP-RWC, Institute of Atmo-
spheric Physics-Regional Warning Center (Czech Republic); ESC,
Expert Services Centre for Heliospheric Weather (Austria).

IPS (5/22). This distribution of radio data service provision is
not surprising, given that ionospheric data is the most accessible
and directly applicable to space weather impact (from nowcast-
ing of radio communication efficiency). Only a small number of
service providers use IPS data, most likely due to these kinds of
observations being highly specialised and also being in their
operational infancy. As the technique becomes more established
it is likely that more service providers will use it as a standard,
given it is now one of the primary and few methods of
observing CMEs and solar wind transients in the heliosphere.
Figure 5 shows the worldwide distribution of space weather
services along with some of the primary radio instruments in
use today. LOFAR4SW holds a strategic position, as it will
be a key IPS station at European and African longitudes and
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has good proximity to several space weather service providers
concentrated in Europe. As such, LOFAR4SW will be an
integral part of the European space weather research and
operations infrastructure.

Many of the institutes described above act in close collabo-
ration as part of a global space weather forecasting effort, and
they are generally members of various consortia including the
International Space Environmental Service (ISES), the Pan-
European Consortium for Aviation Space Weather User
Services (PECASUS), the consortium of Australia, Canada,
France, and Japan (ACFJ), the European Space Agency
(ESA) Space Situational Awareness (SSA) programme, the
International Civil Aviation Organization (ICAO) and as part
of the World Meteorological Organisation (WMO). This again
reflects the worldwide integration of space weather service pro-
vision, with radio data provision being an integral part of this
global service.

6 Summary

In this paper we reviewed the space weather phenomena
observable in the radio domain, the space weather indices to
which radio observations contribute, and the techniques that
are employed at radio wavelengths in the observation of space
weather phenomena. Solar flares, CMEs, CIRs, and SEPs each
have at least one signature in the radio domain and the tech-
niques used to observe these phenomena range from basic time
series to imaging spectroscopy. The instruments that employ
such techniques for either space weather science or operations
number in the hundreds and we have provided an overview
of the existing, and planned, radio instrumentation operating
in this domain. It is by no means exhaustive, but attempts to
summarise the most commonly used instrumentation providing
observations for space weather and the techniques they most
commonly employ.

The overview of space weather phenomena, instrumentation
and techniques was followed by a survey of the radio data
provided by the primary space weather service providers.
Having surveyed the existing providers and the radio data they
use, we find that their radio data provision is highly varied.
While some services concentrate solely on ionospheric observa-
tions, others provide data and forecasts of almost all available
radio data operating in a space weather capacity. We find that
19/22 provide ionospheric data, 10/22 provide SRB monitoring,
9/22 provide radio flux monitoring (F10.7), and 5/22 IPS
monitoring. IPS monitoring has the potential to become an inte-
gral part of any space weather service provision. Including the
developments in Faraday rotation observations, such a tech-
nique may be one of the few ways to predict the interplanetary
magnetic field strength and direction. However this science is
still in its infancy, which may explain its lack of adoption as
an operational space weather technique.

Overall, this work has shown radio data forms an integral
part of the infrastructure surrounding space weather observa-
tions, science, and operations. Amongst the multiple radio
instruments operating in a space weather capacity today,
LOFAR4SW will hold a special position as one of the most
sensitive and versatile. It will have the ability to observe the
Sun, heliosphere, and ionosphere routinely and simultaneously,
while using a variety of advanced techniques only available to

instruments of its kind i.e. phased-array interferometers capable
of performing imaging spectroscopy, as well as tied-array
imaging and general beam-forming. It will therefore be an
integral part of the space weather research and operations infras-
tructure in the near future.
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Appendix
The LOFAR4SW project

LOFAR is not currently a space weather-dedicated facility.
The aim of the LOFAR4SW project is to design a system
upgrade such that the instrument can perform space weather
observations, including of the Sun, heliosphere, and Earth’s
ionosphere, simultaneously with its core radio astronomy remit.
This will include designs for a significant upgrade of hardware
and software which builds on the technology and infrastructure
of the current LOFAR system. Thus the project prepares the
ground work for a large-scale high-end research facility in
which completely simultaneous and independent observing
modes provide continuous access to two research communities:
radio astronomy and space weather research.

One of the major hardware upgrades includes a redesign of
the analogue beam-forming capabilities of the current LOFAR
high band antenna (HBA) tiles. The current system uses a single
analogue beam per HBA tile which restricts the field of view of
the HBA antennas before any digital beam-forming takes place.
The initial analogue beam-forming renders observation of the
Sun and heliosphere impossible while in use for another astron-
omy application. LOFAR4SW is designing a dual beamformer
for the HBA tile such that observation of space weather
phenomena will always be possible, even while the system is
being used for other astronomical observations.

The station back-end is currently being re-developed as part
of a separate upgrade effort such that it can receive and digitally
beam-form signals from all of the available low band antennas
(LBAs) and HBAs simultaneously, which is not a capability of
the current system. This upgrade will also significantly increase
the digital beamforming capacity at each station, at least
doubling the bandwidth which can be sampled from 96 MHz
to 192 MHz, which can be spread as desired over the observing
band. The LOFAR central correlator and network will also be
upgraded to reflect the extra data throughput. The LOFAR4SW
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design then incorporates the station back-end extensions of this
upgrade necessary to perform the desired space weather obser-
vations in parallel. In this regard, the LOFAR4SW system
design will also include the necessary dedicated additional net-
working and central data processing resources to enable space
weather observations to run in parallel to astronomy.

The project has already completed its preliminary design
review and held several workshops with the international

space-weather community to identify the key science require-
ments of the future system, which in turn are being used to
derive the low level technical requirements and develop the sys-
tem prototypes (e.g., the dual beamformer of the HBA tile). The
project is currently mid-way through is lifespan, with expected
completion in early 2021. For further details please refer to
http://lofardsw.eu/.

Cite this article as: Carley EP, Baldovin C, Benthem P, Bisi MM, Fallows RA, et al. 2020. Radio observatories and instrumentation used in
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