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LOFAR – the Low Frequency Array
Europe’s largest and most flexible radio telescope

Core of 24 stations 
in area with 4km 
diameter. 14 remote 
stations scattered 
across the NE of the 
Netherlands.

Fourteen operational stations 
across Europe:
- 6 in Germany;
- 3 in Poland;
- 1 each in France, Ireland, 
Latvia, Sweden, and the UK.
New stations to come:
- Italy in ~2023
- Bulgaria (planning stage)

“Low-band” dipoles:-
- Frequency: 10-90MHz
- Multiple digital beams

“High-band” tiles:-
- Frequency: 110-250MHz
- Single analogue beam 

Each station consists of two arrays, and has the capability 
to observe across a total bandwidth of 96MHz.

Each station sends 3.1Gbps of data to Groningen for 
correlation and processing:

LOFAR correlator:-
- Correlate data from all or subset(s) of LOFAR stations;
- Forms high-sensitivity beams from core stations;
- Process and record single-station data..
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LOFAR4SW: A Comprehensive Space Weather Observatory

LOFAR is a fully-capable instrument 
for the observation of several aspects of 
space weather from solar flares to the 
solar wind to the Earth’s ionosphere, with 
the ability to make significant scientific 
advances in these fields and provide 
global remote-sensing measurements to 
complement space-based observations.
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Solar Radio Bursts

Radio bursts are indicators of activity within the solar 
corona, and act as tracers of material flowing along 
magnetic field structures.  

LOFAR can take high-resolution dynamic spectra 
across a wide observing band to observe radio bursts in 
detail not seen before.  

Studying these leads to a more fundamental understanding 
of the physical processes taking place within the corona, 
and how these processes lead to the eruption of material as 
a Coronal Mass Ejection.

Magdelenic+ 2019
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Solar Radio Bursts

High-resolution, multi-frequency imaging with LOFAR, taken 
simultaneously with the dynamic spectra, allows the solar radio 
bursts to be tracked along individual magnetic field lines, thus 
enabling the magnetic field conditions and interactions giving rise to 
them to be identified.

Zhang+ 2020: Highest-resolution images of Type III radio bursts taken to date.
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New Opportunities: Imaging Coronal Mass Ejections

CMEs have been imaged in the radio domain, but only a 
few examples exist in the literature.

LOFAR is a fully-capable ground-based instrument 
with the possibility to routinely image CMEs, both 
complementing and acting as a back-up to space-
based instrumentation.
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The Solar Wind

3-D tomographic modelling of 
ground-based remote-sensing 
observations provides forecasts 
of conditions near Earth (left). 

An ENLIL variant which uses this 
tomography as the solar wind input 
has been developed, replacing 
solar surface extrapolation with 
real-world observation.  

This plots model velocity and 
density alongside values measured 
at Earth, and forecasts a further 
five days into the future (right). 

Jackson+, 2020

Observations of the scintillation of any compact radio source due to density variations in the solar 
wind can be used to measure solar wind velocity and density throughout the inner heliosphere. 
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The Solar Wind

MWA

Stations worldwide are necessary to continually monitor the 
solar wind.  Currently, only one transit instrument feeds data 
directly into tomography, which means that events can be 
missed.  The addition of LOFAR data demonstrably 
improves the tomographic reconstructions.  
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The Solar Wind

CME magnetic
field alignment CMESolar

Wind
Solar
Wind

LOFAR can obtain detailed information on the 
solar wind and CME velocity, density, and 
turbulence, from long-duration observations.

Left: Rise in velocity associated with a CME or 
shock front ahead of it, seen 2-hours ahead of an 
increase in density.

Right: Density enhancements seen by LOFAR 
(diamonds) plotted with those modelled using MHD.

LOFAR imaging of the turbulent scintillation structure gives fundamental information  
on the small-scale structure within the solar wind and CMEs, complementing the large-scale 
structure seen in white-light observations.

Fallows+, in prep, 2022
Iwai+, in prep, 2022
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Space Weather Model Ensemble Pruning

Observations of pulsars provide 
direct measurements of the column 
density along the line of sight.  
These can be combined with models 
such as EUHFORIA to, ultimately, 
prune ensemble forecasts for 
greater accuracy.  

Left: Pulsar measurements are in 
good agreement with various solar 
wind density models; agreement with 
EUHFORIA is limited in these cases 
by less dense solar wind reducing the 
pulsar measurements, but not 
included in the model.

Shaifullah+, in prep, 2022



Richard FallowsLOFAR4SW

Interplanetary Magnetic Field

Measurement of the strength and 
direction of the interplanetary 
magnetic field is the “holy grail” of 
space weather. 

Measurement of the Faraday rotation of 
pulsar signals shows considerable 
promise in being able to observe the 
magnetic field in a CME.

Such measurements would best be 
used to help prune ensemble model 
runs, as with the pulsar column density 
measurements.

Red curve below shows change in rotation 
due to the passage of a CME.
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Ionospheric Scintillation

Intensity scintillation linked to horizontally-propagating plasma waves 
inferred from Global Navigational Satellite Systems (GNSS), Dorrian+, 
in prep, 2022.

Velocity and altitude of scattering pattern found to be due to 
two simultaneous Travelling Ionospheric Disturbances 
moving in perpendicular directions, Fallows+, 2020.

Weird feature of ionospheric scintillation seen 
only once so far.  Cause under investigation, 
Wood+.

Another feature seen only once; modelling 
suggests that this is due to a small-scale 
feature in an otherwise stable ionosphere, 
Boyde+, in prep, 2022.

LOFAR observations of ionospheric 
scintillation expand the possibilities 
beyond anything available with 
GNSS measurements.  

Features are seen in dynamic spectra 
which would be invisible to discrete-
frequency measurements, some are 
seen only rarely, and sometimes only 
by one LOFAR station.

Such observations lead to new insights 
into the causes of the scintillation and 
offer new possibilities to advance 
modelling beyond the current state of 
the art.
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Ionospheric Refraction

Apparent position shifts of radio sources in 
the field of view show strong alignment with 
the magnetic field.  Colour code indicates 
position shift direction east/west, and arrow 
length a highly exagerated magnitude of the 
shift.  This structure is apparent in ~50% of 
LOFAR observations.  Movie credit: Maaijke 
Mevius.

MWA observation of refraction due 
to large-scale ionospheric structure 
(Loi+, 2015).

Simulation of how a Travelling Ionospheric 
Disturbance is expected to be seen in 
measurements of refraction seen in LOFAR all-sky 
imaging.

LOFAR radio images need to be calibrated for the effects 
of the ionosphere, which results in measurements of 
refraction due to large-scale structure in the ionosphere, 
allowing the direct “imaging” of structures such as 
Travelling Ionospheric Disturbances.
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LOFAR4SW – Towards Space-Weather Monitoring

Station signal processing Central correlation and 
data processing Data Archive Astronomers

Astronomers propose project of observations to be run 
during a 6-month observation “cycle”.

Projects are reviewed by a panel of international 
scientists who then allocate time awards.

Observations scheduled based on awarded time.

We don’t know what the Sun may do next, or when, so need to 
monitor to be able to observe and study all possible events.

The current LOFAR system is unsuited to the type of 
monitoring needed to accomplish this:

For example, during the highly active period of September 2017:
- Missed observing the largest solar flare of the last cycle by ~30 
minutes!
- Stopped observing the second largest just at its peak.
- Did not observe Earth-bound CMEs.
- Did not observe strong ionospheric response.

Hence LOFAR4SW! An EC-funded Design Study to design an 
upgrade to LOFAR to allow full-time monitoring of space 
weather in parallel with radio astronomy.
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LOFAR2.0: A programme of upgrades

A major programme of upgrades to much of LOFAR, termed “LOFAR2.0”, is underway, which will upgrade many aspects 
of the current system to further improve flexibility and sensitivity. 

LOFAR2.0 PROGRAMME

COBALT2.0
Upgrade of the 

correlator to 
provide extra 
processing 
capacity. 

Complete 2021

DUPLLO
Re-design the 

station electronics 
and upgrade the 
Dutch stations.

Will enable full use 
of LBA + HBA 

bandwidth and all 
available antennas. 

Completion: 
2023-2024

LOFAR4SW
Design study to 

enable space weather 
monitoring 

observations in 
parallel with radio 

astronomy operations.

Ending:
February 2022

Timing
Re-design and 

expand the single 
clock to all Dutch 

stations.  Removes 
clock delay factors 
from inter-station 
timing calibration.

Completion: 
RS: 2021
CS: 2023-4

TMSS
Upgrade telescope 

control and 
specification 

systems.

Completion:
Phase 1: 2021
Phase 2: 2023

M&C
Upgrade software 

monitoring and 
control systems for 
greater flexibility.

Underway
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Figure 2

LOFAR4SW Upgrades

LOFAR4SW runs regular 
monitoring observations 
independently from the 
astronomy observation 
proposal process.

Local processing

Central correlation and
data processing expansions

Space weather archiving and 
data dissemination processes

Additional signal processing 
hardware and firmware updates

Substantial network 
upgrades necessary:

LOFAR1.0: 3.1Gbps

LOFAR2.0: 6.2Gbps
+LOFAR4SW: 12.4Gbps

HBA tile beamformer upgrade
Developed innovative and scalable 
new technology to allow for a space
weather beam in parallel with that
used for astronomy.
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High-Band Tile Beamformer Upgrade 

A major innovation from LOFAR4SW is the design of a new beamformer for 
the HBA tile to allow space weather observations in parallel with radio 
astronomy.

This has resulted in two designs, a new chip-based ASIC design which allows 
great scalability, and a hybrid design combining this approach with more 
traditional techniques.
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LOFAR Station Upgrades

Upgrades to the station architecture and that required for 
central systems leverage the major design work being 
undertaken more widely for LOFAR2.0, to create a design 
which will work seamlessly within the wider upgrade effort.
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A fully-implemented LOFAR4SW will be one of Europe’s most 
comprehensive space weather observatories, shedding new light on 
several aspects of the space weather system, from the Sun to the 

solar wind to the ionosphere.
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