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LOFAR: The Low Frequency Array

Image Credit: Astron

Observations inferred from LOFAR at 10-90 MHz & 110-250 MHz



Plasma Structures in the Mid-Latitude Ionosphere

Observations of natural radio sources

Image Credit: Gre de 
Bruyn, Astron



Uniform Plasma Density: Refraction



Uniform Plasma Density: Refraction



Plasma Structures in the Mid-Latitude Ionosphere
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Cygnus A: LOFAR Observations

14th July 2018: 17:00-18:00 UT: Station RS508
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Cygnus A: LOFAR Observations Source Az: 65o El: 34o

North east of stations
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Cygnus A: 14th July 2018: 17 UT – 18 UT



Cygnus A: LOFAR Core Source Az: 65o El: 34o

North east of station
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Structure is asymmetric, 
extended in geomagnetic 
E-W direction



Cygnus A: LOFAR Core Source Az: 65o El: 34o

North east of station
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Structure is moving north 
east at 12 m s-1



Observe plasma density 
enhancement between 17 
UT and 18 UT: Sporadic-E

Juliusruh Ionosonde
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Variations in a Sporadic-E-layer: Wood A, Dorrian G, Boyde B, Fallows R, Themens D, et al. (2024). J. 
Space Weather Space Clim. 14, 27. doi: 0.1051/swsc/2024024

Phase Screen Model: Boyde B, Wood A, Dorrian G, Fallows R, Themens D, et al. 2022. J. Space Weather 
Space Clim. 12, 34. doi: 10.1051/swsc/2022030



Differential Total Electron Content: dTEC
Work led by Ben Boyde



TEC and dTEC



TEC and dTEC



TEC and dTEC

dTEC peaks where difference in TEC is largest: dTEC out of phase with TEC



TEC and dTEC

dTEC depends on separation between receivers



Waves in differential Total Electron Content (dTEC)

Ionospheric calibration for radio 
astronomy observations gives 
dTEC

Wavelet powers and phases to 
determine characteristics of wave

Case study: 21st December 2018

• Azimuth: 84.4 ± 2.4⁰; 

• Wavelength: 154 ± 35 km; 

• Amplitude: 8.4 ± 1.9 mTECu

Boyde, B., Wood, A., Dorrian, G., Sweijen, 
F., de Gasperin, F., Mevius, M., et al. 
(2024). Wavelet analysis of differential 
TEC measurements obtained using 
LOFAR. Radio Science, 59, 
e2023RS007871. 
https://doi.org/10.1029/2023RS007871

Statistical study: Using over 2,700 hrs 
of observations



Wave Directions and Neutral Winds

Compare wave directions to the anti-wind direction from the by Horizontal Wind 
Model 2014 (HWM14)

HWM14: Drob, D. P., Emmert, J. T., Meriwether, J. W., Makela, J. J., Doornbos, E., Conde, M., ... & Klenzing, J. H. (2015). An 
update to the Horizontal Wind Model (HWM): The quiet time thermosphere. Earth and Space Science, 2(7), 301-319.
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Atmospheric Gravity Waves

Propagate in a quasi-vertical direction, with a component in the anti-wind direction

Quasi-upward propagating Atmospheric 
Gravity Waves (AGWs) could be launched 
by thunderstorms, tides or jet streams



Statistical Study: Ionospheric 
Scintillation Observed by LOFAR
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ூ is the standard deviation of the signal intensity in a given time interval and I
is mean value of the signal intensity in that interval

ସ is often calculated across 60 seconds for GNSS

Time interval needs to be larger than the temporal scale of the structures: An 
interval larger than 60 seconds is needed in this case

Amplitude Scintillation Index: S4



Amplitude Scintillation Index: S4

Small Scale TID
Boyde et al., 2022; Max intensity 2.1

Medium Scale TID
Trigg et al., 2022; Max intensity 2.0

Sporadic-E layer
Wood et al., 2024; Max intensity 4.0
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95th percentile: 0.1295th percentile: 0.17 95th percentile: 0.22

Event: 95th percentile of ସ
ଵ଼଴ during one hour 

2,870 hours of observations used from station CS032 at 44.3 MHz



Lightning strikes: ATDNet: Arrival Time Differing NETwork: 2014-2016

Latitude: 51.9o N – 56.5o N; Longitude: 3.9o E – 9.9o E

Peaks late afternoon in summer (thanks to UKMO for data)

Lightning: Variation by UT and Season



Lightning & Ionospheric Structures

Number of lightning strikes two hours before the LOFAR observation

Thunderstorms can launch upward-propagating Atmospheric Gravity Waves (AGWs)

AGWs can perturb the ionosphere, creating variations which can be detected by 
LOFAR

Lightning is a proxy for thunderstorm activity

Mean St. Err. Median
Present 70 19 0
Absent 25 5 0

Lighting strikes / hrIonospheric 
structures



Summary: Statistical Study

Small Scale TID
Boyde et al., 2022; Max intensity 2.1

Medium Scale TID
Trigg et al., 2022; Max intensity 2.0

Sporadic-E layer
Wood et al., 2024; Max intensity 4.0
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Small scale sizes imply a local source

Events are more common under conditions of:

• Higher solar activity

• Higher geomagnetic activity

• Thunderstorms

Of the 469 events observed, 61 % (284 events) are not associated with the 
higher categories of solar or geomagnetic activity, or with the thunderstorms

Suggest that other 
sources of AGWs may 
be responsible for the 
unexplained events



Summary: Statistical Study

Small Scale TID
Boyde et al., 2022; Max intensity 2.1

Medium Scale TID
Trigg et al., 2022; Max intensity 2.0

Sporadic-E layer
Wood et al., 2024; Max intensity 4.0
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Breaking of AGWs in the middle / upper 
atmosphere affects the global circulation

AGWs are often poorly constrained in Global 
Circulation Models (GCMs)

LOFAR could enable us to improve an refine the 
parameterisation of AGWs in GCMs

Suggest that other 
sources of AGWs may 
be responsible for the 
unexplained events



Summary

Boyde, B., et al., SWSC, 2022.

Dorrian, G. et al., Space Weather, 2022

Boyde, B., et al., Radio Sci., 2024.

Trigg, H. et al., J. Geophys. Res., 2024 

Wood, A., et al., SWSC, 2024

Boyde, B. et al., SWSC, 2025

LOFAR can observe 
ionospheric structures at 
high temporal, frequency 
and spatial resolution

Dynamics and drivers of the 
terrestrial atmosphere can 
be inferred

Work underway to predict 
when ionospheric 
conditions are most suitable 
for radio astronomy
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253-266, 1998. https://doi.org/10.1086/305344

Geometrical Optics
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