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Summary: Disturbances in the magnetic field at the Earth’s surface, or surface geomagnetic 
perturbations (BGEO), are at the center of many areas of Heliophysics Research:  remote sensing 
magnetosphere-ionosphere current systems, construction of geomagnetic indices used for space 
weather forecasts and model validation, monitoring of geoelectric fields and related Geomagnetically 
Induced Currents (GIC). The purpose of this white paper is to highlight future research that is needed to 
improve our understanding of the causes and consequences of BGEO, thus improve related remote 
sensing techniques, model validation tools, and GIC forecasts. 

Remote Sensing the Magnetosphere-Ionosphere System with BGEO:  BGEO observations have played a 
major role in the development of space science, by providing a remote sensing tool (i.e., a ground-based 
observable that provides information about the magnetosphere and ionosphere) for electric currents 
that define the electrodynamics of Earth’s coupled magnetosphere and ionosphere system. They have 
led to the identification of near-Earth currents associated with magnetic substorms and storms, as well 
as those associated with global compressions of the magnetosphere from interplanetary shocks and 
bow shock-related instabilities. Global BGEO observations have made it possible to track and comprehend 
the way electromagnetic energy is propagated globally after the magnetosphere is impacted by solar 
wind and/or interplanetary magnetic field dynamics, and they can also be used to remote sense plasma 
mass density via Ultra Low Frequency wave activity. As a remote sensing tool, BGEO complements in situ 
measurements made by satellites as well as other remote sensing tools such as observations from 
ground-based radars and optical imagers [Engebretson and Zesta, 2017 and references therein].  

Diagnosing the Current State of the Magnetosphere-Ionosphere System with BGEO:  Magnetic 
perturbations are incorporated into global magnetic activity indices that serve as inputs to global 
research and forecast models. Routinely available indices include Kp (planetary disturbance level); AE, 
AU, and AL (auroral electrojet indices, indicative of substorms, and other high latitude disturbances); 
Dst, SYM/H, SYM/D, ASY/H, and ASY/D (ring current intensity and asymmetry); and PC (polar cap 
magnetic activity) [Engebretson and Zesta, 2017 and references therein]. They are also used to validate 
several global models of geospace dynamics for both research and forecast purposes. 

Understanding and Predictions Related to GIC:  Space weather conditions on the ground generally 
originate from the interaction of the solar wind with the magnetosphere, which propagates down to the 
ionosphere and ground via magnetic field lines. GICs are set up by a geoelectric field which arises from 
time variations in BGEO caused by ionospheric and magnetospheric currents and the conducting 
properties of the ground. Extreme BGEO can be generated with a variety of spatial scales; for example, 
they can occur in the auroral zone with fine spatial scales (<~100 km) or be excited by interplanetary 
shocks with global scales. Recent work has shown that large GIC are not always concurrent with periods 
of largest geomagnetic depressions [Dimmock et al., 2018] or periods with more geomagnetic 
activity/substorms [e.g., Engebretson et al., 2019]. Recent work has also explored the coupling of BGEO to 
geoelectric fields, the intermediary between BGEO changes and GIC. 

Reaching the Desired State in Understanding in 2050: Multiple factors contribute to BGEO 
simultaneously: ionospheric electrical conductivity and related spatial gradients, the spatial and 
temporal scales of the magnetosphere-ionosphere source currents, the Earth conductivity and related 
spatial gradients. Past theory and modeling work mostly examined these factors independently, but the 
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interpretation of BGEO that can include multiple factors simultaneously remains challenging and often 
ambiguous. The superposition of multiple M-I current systems in BGEO further increases the complexity 
of this problem. As a result, there are many unresolved questions relating to the source(s) of BGEO. The 
purpose of this white paper is to highlight a few general areas in which progress is needed to address a 
wide range of objectives relevant to the Heliophysics research community. 

First, the electrical conductivity of the Earth needs to be accounted for when interpreting BGEO in the 
context of different magnetosphere-ionosphere coupling processes, and when constructing 
geomagnetic activity indices and GIC forecasts. Though the theory linking BGEO to telluric currents is well 
developed and these currents have a known effect on BGEO and related geomagnetic activity indices 
[Tanskanen et al., 2001], the Earth is still usually assumed to be a perfect insulator with negligible 
telluric currents. This assumption affects all the research areas mentioned above. Currently, constraints 
on Earth conductivity are limited in many regions of interest; we know that the conducting structure of 
the Earth can be complex, that conductivity models are often over-simplified, and that this affects 
estimates of telluric current and GIC models. In the coming decades, more realistic ground conductivity 
models need to be obtained from the Magnetotellurics research community and incorporated into all 
models and analysis of BGEO so that telluric currents can be separated from currents originating from the 
magnetosphere and ionosphere. This will lead to geomagnetic activity indices and remote sensing tools 
that better capture the dynamics of the magnetosphere-ionosphere system. For this, significant 
collaboration between the Heliophysics and Magnetotellurics research community is needed. 

Second, fundamental research is needed to understand the sources of BGEO from the magnetosphere to 
the ionosphere and ultimately the ground, along with targeted improvements in the spatial sampling of 
BGEO. For example, recent work with closely spaced magnetometer stations has revealed intense BGEO 

with remarkably small spatial scales in the auroral zone, suggesting that more closely spaced BGEO 
measurements are needed in the auroral zone to fully characterize and predict intense BGEO events 
[Engebretson et al., 2019], along with advanced numerical simulation capabilities that can capture fine 
spatial scales in the auroral ionosphere. 

Third, both fundamental and applied research is needed to improve our understanding of how the 
multiple spatiotemporal features of BGEO couple to GIC, and what fraction of extreme currents in power 
grids are caused by geomagnetic disturbances related to space weather. Fundamental research is 
needed to understand what conditions cause extreme BGEO and related geoelectric fields. This includes 
model development and tools for validation of models that predict BGEO. Applied research is also needed 
to understand how these disturbances couple to GIC in power grids. For this, it is crucial that scientists 
studying geomagnetic perturbations and the sources of GIC work more closely with power grid utilities 
to both assess their needs and potentially access direct GIC measurements. A major challenge is the 
traditionally strained sharing of important data across communities, for example limitations faced by 
power utilities in opening their data to the public and the diversity of the GIC data themselves, which 
come from a variety of infrastructure.  Open Knowledge Networks (e.g., the ongoing Convergence Hub 
for the Exploration of Space Science effort) are one method for addressing this challenge. 

Fourth, both fundamental and applied research is needed to improve space weather forecasts (including 
GIC) that rely on BGEO. More work is needed to (1) identify and isolate the key observations that can help 
predict Kp and other indices used in space weather forecasts and (2) move beyond using only global 
indices to predict local phenomena as our understanding of the geospace system develops and new 
tools become available (e.g., new observations, machine learning tools to develop forecast models). For 
example, the observations used for the AL index are fixed in geographic latitude, but we know that the 
auroral electrojets that AL is meant to detect vary in latitude, especially during active conditions. New 
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indices might be designed that target specific areas of interest for forecasts and model validation, such 
as GICs in particular geographic regions [Dimmock et al., 2020].  

It is important for all of the above that all stakeholders who need BGEO measurements (Heliophysics 
researchers, power grid operators, etc.) should work together to intelligently design new coverage and 
instrumentation requirements (e.g., where to place new magnetometers and with what resolution). 
Observation System Simulation Experiments (OSSE) are one tool that should be used for this purpose as 
new instrumentation is developed, new discoveries on the sources of BGEO are made, and as technology 
and infrastructure (e.g., power grids) evolves. As part of this effort, the community should recognize 
that multiple options are available for detecting BGEO: (1) variometers that are relatively inexpensive to 
deploy but may only provide information about perturbations, may have lower sensitivity, and may not 
transmit data in real-time; (2) observatories that are more expensive but provide information about 
background fields as well as perturbations, have higher sensitivities, and provide data in real-time; (3) 
other observations that lie somewhere between these extremes (e.g., provide real-time data within 15 
minutes, 15 seconds,…). It is already known that more BGEO measurements are needed in certain 
geographic regions – for example, the Upper Midwest in the US is crucial for GIC forecasts – and that 
there are measurement gaps due in part to aging infrastructure [Engebretson and Zesta, 2017]. Steps 
are being taken to address these gaps by deploying new magnetometers (e.g., in Upper Midwest for GIC 
studies, Antarctica for north-south hemisphere asymmetry studies) and upgrading existing ones; this will 
be an ongoing process with continual feedback from researchers, forecasters, and power grids about 
which regions require observatories or variometers, which require real-time data, etc.  

Finally, it is crucial that BGEO measurements be made publicly available and readily accessible for use in 
the generation of higher-level data products; for example, the SuperMAG database of ground 
magnetometer measurements has made it possible to generate geomagnetic activity indices that ingest 
more data when compared to AL and other indices [Newell and Gjerloev, 2011]. More work is needed to 
(1) make all BGEO data publicly available in standard formats that are easily accessible, (2) identify and 
make available BGEO collected from other research communities that are not currently in wide use by the 
Heliophysics community yet may be of high value for Heliophysics research (e.g., measurements co-
located with seismometers and temporary deployments for magnetotelluric surveys). 
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