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Space Weather 
• Space weather is primarily controlled by solar 

activity.

• Which include, solar flares, SEPs and CMEs etc.

• Solar wind-magnetosphere coupling leads to 
geomagnetic storms. 

• There is a growing concern of potential space 
weather impact on man-made technologies 
and national security.

Multi-scales solar phenomenon



Credit: Blendspace.com



The GIC Chain: Sun to Mud – [Juusola et al., 2023]



Geomagnetically Induced Currents (GICs)

Electric field is the major quantity that 
determines the level of GIC flowing in 
power systems.

• Faraday’s law:

• We use a two-step approach to compute 
GIC flowing through specific power 
network node:
Ø Geophysical step: Modeling 

geoelectric field based on 
magnetosphere-ionosphere currents 
and ground conductivity structure.

Ø Engineering step: Modeling GIC 
flowing in the power system in 
response to the determined 
geoelectric field.



Sample Time Series: October 29-31, 2003

[Ngwira et al., SW, 2009]
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small gaps.  The response of a reactor to GICs could be 

similar to the response of a three-limb transformer, with the 

core gap of a reactor having a similar effect to the core-tank 

gap of the transformer.  Despite the relatively high reluctance 

of the magnetic path compared with a closed-core, some 

quasi-dc GIC will flow through a reactor and, as for a 

transformer, the response will be determined by the 

construction details.  Koen and Gaunt [16] reported reactor 

failures and elevated levels of dissolved gas closely associated 

with exposure to geomagnetic storms, although “the failure of 

reactors due to GICs appears not to have been reported and is 

generally unknown”. 

While the practical measurements on the MTS 

demonstrated saturation of transformers that were previously 

expected to be unaffected by GICs, there has been no practical 

demonstration of a direct association between GICs and the 

initiation of gassing in transformers.  However, in November 

2003 this changed, with elevated levels of dissolved gas in 

several transformers being closely associated with a major 

storm. 

V THERMAL DAMAGE BY GICS DURING NOV 2003 

The condition of twelve 400 kV GSU transformers, each 

rated 700 MVA, at the Tutuka and Matimba power stations 

and six 275 kV GSU transformers at Lethabo power station is 

checked regularly, with some units equipped with on-line 

DGA instruments.  After the severe geomagnetic storm at the 

beginning of November 2003, often referred to as the 

“Halloween storm”, the levels of some dissolved gasses in the 

transformers increased rapidly.  A transformer at Lethabo 

power station tripped on protection on 17 November.  There 

was a further severe storm on 20 November.  On 23 

November the Matimba #3 transformer tripped on protection 

and on 19 January 2004 one of the transformers at Tutuka was 

taken out of service.  Two more transformers at Matimba 

power station (#5 and #6) had to be removed from service 

with high levels of DGA in June 2004.  A second transformer 

at Lethabo power station tripped on Buchholz protection in 

November 2004. 

The DGA records are not the same for all the transformers, 

but all of them show a sharp change at the end of October 

2003, when the first storm occurred.  Based on the DGA 

records, most of the transformers at these power stations 

appear to have been damaged by the effects of the  

geomagnetic storms.  The DGA record for one of the 

Matimba transformers, shown in Fig 5, is fairly typical.  Gas 

levels fell when the transformer loading was reduced 

following the sharp increase after 31 October.  By August 

2004, about 10 months after the storm, this transformer had 

not yet failed, although damage was evident from the 

generation of gases.   
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Fig 5:  DGA results Matimba #1: May 2003 to June 2004  

Although absolute levels of gas are low, the DGA results of 

the Tutuka and Matimba transformers produce ratios that are 

consistent with low temperature thermal degradation as 

described by Mollmann and Pahlavanpour [17] and Saha [18].  

Typically, on four apparently damaged transformers: 

Ethylene:methane C2H4 / CH4 = 0,2 - 0,9 

Ethane:methane C2H6 / CH4    = 0,2 - 1 

Methane:hydrogen CH4 / H2    = 2 - 5 

Ethylene:ethane C2H4 / C2H6   = 0.4 - 4.6 

Acetylene C2H2 negligible 

In the transformer depicted in Fig 6 the level of CO2, a 

product of low temperature degradation of cellulose, was 

approximately 10 times higher than the level of CO.  

Relatively higher CO or ethylene content would indicate 

higher temperature degradation. 

Inspections of all the failed transformers identified heat 

damage, mostly to paper insulation, in various parts of the 

transformers, as illustrated in Figs 6 to 8.  The damage is 

consistent with the DGA results.  In all cases, the extent of the 

damage appears to be small, and discoloration of paper 

insulation beyond the immediate vicinity of the fault is 

superficial, which explains why the absolute levels of 

dissolved gas are low - even below the threshold considered 

significant for most DGA assessment. 

 

Fig 6: Failure in HV winding of Lethabo #6 Fig 7:  Failure in HV winding of Matimba #4 Fig 8:  Overheating of LV terminals of Tutuka #1 

 Transformer damage in South Africa



Who are the Players

Power utilities

Policy Makers
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Near-Earth Space Current Systems

• GIC study Domains
qData analysis
qNumerical modeling (MHD prominent)
qMachine learning

• Compelling breath of physics to 
cover

• To accurately model ground 
magnetic perturbations, you need 
to capture the physics of near-
space electric currents systems.
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[Pulkkinen et al., 2012]

Global Distribution of GICs

High latitudes
Largest GICs

Equatorial zone

[Pirjola et al., 2005] 



What processes create the small-scale features associated with 
large peak dB/dt during geomagnetic storms?

Snapshot of extreme delta-B variations from Halloween 2003 storm

*This is a potential area that will be addressed by upcoming missions like GDC, EZIE, SNIPE, and TRACERS



Drivers of the Extreme dB/dt Localization

• Comparison between the dB/dt and THEMIS All-Sky Imager (ASI) 
auroral keograms.

• Intense dB/dt confined to the poleward edge of the poleward-
expanding aurora.

• This corresponds to the region of most powerful aurora during a 
substorm [Weygand et al., 2000].

[Ngwira et al., 2018]
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Magnetotail Reconnection Powering Large dB/dt

[Angelopoulos et al., 2020]
[Ngwira et al., In preparation, 2023]

Substorm onset key 
to the localization
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What about the Mid-latitudes

*First direct evidence of mid-latitude positive bay driving large GICs [Ngwira et al., under review, 2023]



Geomagnetic Pulsations Driving GICs

[Heyns et al., 2021]



Extended Study of Extreme Events 

[Ngwira et al., SW, 2013]

Amplification by the equatorial electrojet current during Sudden Commencement

[Carter et al., 2015]



Summary

• Space Weather is an important part of todays technology dependent 
society.
• GICs are interdisciplinary in nature and require joint effort.
• A solid understanding of the entire GIC chain is key to fully appreciate 

the GIC phenomena.
• From the space weather standpoint, GICs are driven by many 

different factors that depend on the M-I coupling process.
• Basic science research is the core to understanding GICs drivers to aid 

development of mitigation procedures.



Up Coming Events in Lusaka, Zambia
• International Space Weather Initiative (ISWI) School 
Ø September 26th to 30th 2023
Ø Open to students/postdocs/early career at African institutions
Ø Limited travel support available - Apply

• African Geophysical Society Conference
Ø October 2nd to 4th 2023
Ø Open to all Earth and Space science students and scientists
Ø Limited travel support available - Apply

https://afgps.org/conference

https://afgps.org/conference

