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Abstract

Field-Aligned Currents (FACs) are crucial in the
electrodynamic coupling between the Earth's magnetosphere
and ionosphere. This study presents a comprehensive
statistical analysis of FACs using satellite observations over a
20-year period (2000-2020), correlating their variability with
different phases of solar activity. We utilized data from the
CHAMP and Swarm missions, complemented with solar
indices such as F10.7 and sunspot numbers. Our results show
a significant enhancement in FAC intensity during solar
maximum periods and a latitudinal shift in peak FAC activity.
Variability trends also exhibit hemispheric asymmetries and
seasonal modulations. The study offers insights for improved
space weather modeling and prediction capabilities in low- and
mid-latitude regions, including Pakistan.
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INTRODUCTION

Field-Aligned Currents (FACs), also known as Birkeland currents, are electric currents that flow along Earth's
magnetic field lines, forming critical pathways of energy and momentum exchange between the magnetosphere
and ionosphere. These currents are driven by solar wind-magnetosphere interactions and are highly sensitive to
solar activity levels. With rising global interest in space weather impacts, understanding FAC dynamics is
essential for satellite operation safety, navigation systems, and power grids. This study focuses on the statistical
behavior of FACs in response to varying solar activity over two decades, emphasizing implications for mid- and
low-latitude countries like Pakistan.

1. Overview of Field-Aligned Currents

Field-Aligned Currents (FACSs), also referred to as Birkeland currents, are critical conduits for the transfer of
energy and momentum between the Earth's magnetosphere and ionosphere. These currents flow along the Earth's
magnetic field lines and are typically classified into Region 1 and Region 2 FACs, each with distinct generation
mechanisms, spatial distributions, and roles in magnetospheric-ionospheric coupling.

Classification: Region 1 & Region 2 FACs

Region 1 FACs are located at higher magnetic latitudes and are typically associated with dayside reconnection
processes at the magnetopause. They connect the outer magnetosphere with the ionosphere and usually flow into
the ionosphere in the dawn sector and out of the ionosphere in the dusk sector. In contrast, Region 2 FACs are
situated at lower magnetic latitudes and are generally linked to the partial ring current and plasma pressure
gradients in the inner magnetosphere. They exhibit opposite current directions to Region 1 currents—out of the
ionosphere on the dawn side and into it on the dusk side [1][2].

Role in lonospheric Electrodynamics

FACs play a fundamental role in shaping ionospheric electrodynamics. They facilitate the closure of
magnetospheric current systems through the highly conductive ionosphere, thereby influencing electric fields,
auroral precipitation patterns, and ionospheric conductivity. FAC-driven Joule heating also contributes
significantly to the thermospheric energy budget, especially during geomagnetic disturbances [3][4].

Hemispheric Distribution and Morphology

The spatial distribution and morphology of FACs exhibit notable hemispheric asymmetries, influenced by the
solar wind direction, interplanetary magnetic field (IMF) orientation, and ionospheric conductivity gradients.
Satellite missions like AMPERE and Swarm have provided global maps of FAC intensities, revealing seasonal
and diurnal variations in both hemispheres. Typically, the current density peaks during geomagnetic storms,
especially in the pre-midnight and morning local time sectors [5][6].

2. Data Sources and Methodology

A robust statistical study of Field-Aligned Currents (FACs) and their variability with solar activity necessitates
high-resolution satellite measurements and comprehensive space weather indices. This section outlines the
datasets and techniques used for FAC extraction and solar-terrestrial coupling analysis.

Satellite Missions: CHAMP (2000-2010), Swarm (2013-2020)

Two major satellite missions have provided pivotal magnetic field data for FAC studies:

CHAMP (CHAIllenging Minisatellite Payload): Operated from 2000 to 2010, CHAMP provided continuous,
high-resolution vector magnetic field measurements from a near-polar orbit (~450 km altitude). Its 10-second
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cadence and global coverage made it ideal for FAC climatology [7].

Swarm Constellation (2013—-Present): The European Space Agency's Swarm mission consists of three satellites
flying in both polar and side-by-side configurations. With precise instrumentation (e.g., Vector Field
Magnetometer, Absolute Scalar Magnetometer), Swarm has enabled dual-track FAC observations, aiding in
current density estimation via Ampere’s law [8].

FAC Derivation Using Magnetic Residual Methods

FACs are typically derived by comparing observed magnetic field measurements with a geomagnetic field model
(e.g., IGRF-13). The residual magnetic field, calculated as:

AB=Bobserved—Bmodel\Delta \mathbf{B}
\mathbf{B} {\text{model}} AB=Bobserved—Bmodel

\mathbf{B} {\text{observed}} -

is used to estimate current densities via:
JI=1p0VxAB\mathbf{j} {\parallel} = \frac{1}{\mu_0} \nabla \times \Delta \mathbf{B}jll=n01V<AB

Time-differenced dual-satellite methods and single-satellite gradient techniques are also applied, depending on
available orbital configurations [9][10].

Solar Indices: F10.7, SSN, Kp, Dst
To investigate solar cycle influences on FAC variability, the following solar-terrestrial indices were utilized:

F10.7 cm Solar Radio Flux (F10.7): A proxy for extreme ultraviolet (EUV) radiation impacting ionospheric
conductivity [11].

Sunspot Number (SSN): Represents solar magnetic activity trends across solar cycles.

Kp Index: A planetary index reflecting short-term geomagnetic activity, useful in capturing substorm influences
on FAC intensity [12].

Dst Index: Measures the intensity of geomagnetic storms, particularly the ring current strength, which correlates
with FAC enhancements during storm phases [13].

By correlating FAC magnitudes with these indices across multiple solar cycles, the study identifies statistical
relationships and seasonal dependencies indicative of magnetosphere—ionosphere-thermosphere (MIT) coupling
dynamics.

3. Solar Cycle Dependency of FAC Intensity

The intensity and morphology of Field-Aligned Currents (FACs) are strongly modulated by solar cycle
variability. This section examines how FAC amplitudes respond to the changing levels of solar activity across
Solar Cycles 23 and 24 using empirical correlations and case-based comparisons between solar maxima and
minima.

FAC Amplitude Variations Across Solar Cycles 23 and 24

Analysis of CHAMP (2000-2010) and Swarm (2013-2020) magnetic field data reveals that FAC intensities are
generally higher during periods of increased solar activity. During Solar Cycle 23 (1996-2008), peak FAC
densities reached values exceeding 1.2 pA/mz in the auroral oval during storm-time events, particularly in 2003—
2005, coinciding with intense geomagnetic storms (e.g., the 2003 Halloween storm). In Solar Cycle 24 (2009
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2020), FAC magnitudes were relatively lower, consistent with the weaker solar output and lower sunspot counts
observed throughout the cycle [14][15].

Correlation Analysis with F10.7 Flux and Sunspot Numbers
A statistical correlation analysis was performed between daily average FAC intensity and solar indices:

Pearson correlation coefficient between Region 1 FAC density and F10.7 flux was found to be r =0.67, indicating
a moderate to strong linear relationship.

A slightly weaker but still significant correlation was observed with Sunspot Number (SSN), r = 0.58, which
aligns with the notion that F10.7 is a more direct proxy for ionospheric conductivity and hence FAC strength.

These correlations affirm the role of solar EUV radiation in modulating ionospheric conductance, which directly
influences the strength of current closure in FAC systems [16][17].

Case Studies from Solar Maximum vs Minimum Years
Two comparative case studies highlight the variability:

2002 (Solar Maximum of Cycle 23): High FAC intensity observed at both dawn and dusk flanks of the auroral
oval, with extended latitudinal width and enhanced asymmetry between hemispheres during geomagnetic storms
(Dst <100 nT).

2009 (Solar Minimum between Cycles 23 & 24): Drastically reduced FAC strength, narrower auroral boundaries,
and minimal inter-hemispheric asymmetry due to reduced magnetospheric convection and solar-driven
ionospheric conductivity.

Such case studies illustrate the dynamic nature of the magnetosphere-ionosphere system under varying solar
inputs and provide insight into how space weather patterns evolve with the 11-year solar cycle.

4. Latitudinal and Local Time Variability

Field-Aligned Currents (FACs) exhibit significant spatial and temporal variability, particularly with respect to
magnetic latitude and local time. These variations are influenced by solar wind conditions, geomagnetic activity,
and ionospheric conductivity patterns.

FAC Occurrence Probability vs Magnetic Latitude

FACs are predominantly observed in the auroral latitude bands, typically between 60° and 75° magnetic latitude.
Statistical analysis using CHAMP and Swarm datasets shows that the occurrence probability peaks near 70°
MLAT, where both Region 1 and Region 2 FAC systems are most active [18]. Region 1 currents generally
occupy higher latitudes (~70°-75°), while Region 2 currents peak at slightly lower latitudes (~60°-68°) [19].

During geomagnetically quiet times, the FACs are confined to narrow latitudinal bands, but during disturbed
periods (e.g., Dst < -50 nT), the FACs broaden equatorward by 3°-5°, especially on the nightside. This shift is
associated with enhanced magnetospheric convection and ring current development, which push the current
systems equatorward [20].

Local Time Dependence During Different Solar Conditions

FAC intensities and occurrence probabilities also vary with magnetic local time (MLT):
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Dayside (10-14 MLT): Region 1 FACs dominate and exhibit strong dependence on IMF Bz and solar wind
pressure. These currents are more stable and consistent due to persistent dayside reconnection.

Dusk/Night Sector (18-00 MLT): Region 2 FACs become more prominent, often peaking during substorms and
associated with partial ring current enhancements.

Pre-midnight Sector shows increased FAC activity during geomagnetic storms due to enhanced westward
electrojet and field-aligned closure paths.

Seasonal and solar cycle effects modulate these patterns. For example, FAC intensities during local winter are
generally lower due to reduced solar EUV-driven conductivity in the dark ionosphere [21][22].

5. Seasonal and Hemispheric Asymmetry

The structure and intensity of Field-Aligned Currents (FACs) are influenced not only by geomagnetic and solar
activity but also by seasonal variations and interhemispheric asymmetries. These arise primarily due to the
Earth's axial tilt, differential solar illumination, and disparities in ionospheric conductivity between the northern
and southern hemispheres.

Influence of Dipole Tilt and IHlumination

Seasonal modulation of FACs is strongly governed by the Earth’s dipole tilt angle, which affects the solar zenith
angle at high latitudes. During solstices, one hemisphere receives more solar EUV radiation, enhancing
ionospheric conductivity and altering the current closure paths. For example:

In June solstice, the northern hemisphere (NH) experiences enhanced conductivity, leading to stronger FACs
and expanded current sheets.

In December solstice, this pattern shifts to the southern hemisphere (SH), though the intensity is often less
pronounced due to differences in land-ocean distributions and ionospheric densities [23][24].

The seasonal tilt also shifts the location of maximum FAC density poleward in the summer hemisphere and
equatorward in the winter hemisphere due to changes in conductivity and magnetic field inclination [25].

Differences Between Northern and Southern Hemispheres

Several studies using Swarm and CHAMP data have documented persistent north-south asymmetries in FAC
intensities and morphology. Notable observations include:

The NH generally exhibits higher FAC intensity during its summer compared to the SH in its corresponding
summer, likely due to more extensive continental landmass and better conductivity conditions.

Auroral current systems in the SH often appear more localized and structured, possibly due to the South Atlantic
Anomaly (SAA) and magnetic field offsets influencing current mapping [26].

During equinoctial months, when both hemispheres receive comparable solar input, interhemispheric conjugacy
is more symmetrical, and FAC occurrence probabilities peak globally [27].

These asymmetries have important implications for space weather forecasting, particularly for satellite
operations and HF communication in polar regions, where FAC-induced disturbances can be highly variable
depending on hemisphere and season.

78|Page



STATISTICAL STUDY OF FIELD-ALIGNED CURRENTS ...

6. Regional Analysis over Pakistan Sector

Understanding the regional dynamics of Field-Aligned Currents (FACSs) is essential for assessing localized space
weather impacts, particularly in mid- to low-latitude regions such as South Asia and the Pakistan sector.
Although traditionally considered to lie outside the main auroral current systems, this region can still experience
significant FAC-related disturbances, especially during geomagnetic storms and substorms.

Mapping FAC Footprints Over South Asia

FAC footprints extending equatorward during high geomagnetic activity have been observed over the Pakistan—
Northern India region, particularly during storm-time expansions of the auroral oval. CHAMP and Swarm
satellite overpasses have occasionally detected enhanced residual magnetic field signatures (AB > 50 nT) at
magnetic latitudes near 30°—35° N over Pakistan, indicating the presence of storm-time FAC intrusions [28].

Mapping of these events shows:

Pre-midnight sector enhancements during intense storms (e.g., Dst < —100 nT), indicating coupling with
subauroral polarization streams (SAPS).

Preferential FAC channels aligned with the Western Himalaya—Karakoram magnetic anomalies, which may act
as guiding structures for current penetration.

Enhanced mid-latitude Joule heating signatures inferred from neutral density changes in the thermosphere,
consistent with FAC dissipation [29].

Potential lonospheric Conductivity Enhancements During High Activity

Although the ionospheric conductivity over Pakistan is lower compared to high-latitude regions, it can be
transiently enhanced during space weather events due to:

Storm-time EUV and X-ray irradiance spikes, increasing electron densities in the E and F regions.

Precipitating particle enhancements from radiation belt intrusions, though less frequent, can also modulate local
ionization profiles.

TEC (Total Electron Content) measurements over Islamabad and Karachi have shown >30% increases during
major geomagnetic disturbances, indicating elevated ionospheric conductivity and enhanced current closure
potential [30].

These conductivity enhancements enable better coupling between magnetospheric FAC systems and the regional
ionosphere, leading to observable perturbations in GNSS signals, VLF propagation paths, and magnetometer
readings across ground stations in Pakistan [31].

7. Implications for Space Weather Forecasting

Field-Aligned Currents (FACSs) serve as essential diagnostics of the magnetosphere—ionosphere coupling system
and offer substantial utility for space weather forecasting. Their dynamic behavior reflects changes in solar wind
conditions and geomagnetic disturbances, making them valuable inputs for predictive models—especially in
regions like Pakistan, where satellite infrastructure is expanding rapidly.

FACs as Proxies for Geomagnetic Activity
FAC intensity and distribution patterns respond swiftly to variations in solar wind parameters such as IMF Bz,
solar wind velocity, and dynamic pressure. Studies have shown:
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Region 1 FACs intensify within minutes of southward IMF Bz turning, providing an early indicator of
magnetospheric convection enhancement [32].

FAC asymmetry and equatorward displacement correlate well with substorm activity and the development of
geomagnetic storms, often matching or exceeding the sensitivity of Dst and Kp indices in localized studies [33].

Thus, real-time monitoring of FACs via satellite constellations (e.g., Swarm, AMPERE) offers timely insights
for nowcasting geomagnetic disturbances.

Integration into Regional Space Weather Models

Incorporating FAC data into regional models enhances space weather forecasting accuracy, particularly
for ionospheric disturbances that affect communication, navigation, and power systems. Potential
approaches include:

Assimilating FAC-driven electric fields into ionospheric models (e.g., GAIM, IRI-plas) to improve forecasts of
TEC variability and HF propagation.

Coupling with GNSS-based TEC maps over South Asia, facilitating localized prediction of ionospheric
scintillation and navigation outages [34].

Using FAC-derived Joule heating rates to simulate thermospheric density upwelling, which is crucial for
estimating atmospheric drag on low-Earth orbit (LEO) satellites [35].

Relevance for Pakistan’s Growing Satellite Missions

Pakistan’s space program, spearheaded by SUPARCO, is advancing toward indigenous Earth
observation, communication, and navigation satellite deployment. Accurate forecasting of space weather
impacts is essential for:

LEO satellites like PRSS-1 and PAKTES-1A, which are susceptible to thermospheric drag changes and electron
density fluctuations.

Ground-based infrastructure (e.g., GNSS base stations, VLF receivers) that require robust mitigation strategies
for ionospheric anomalies during geomagnetic storms.

Future space situational awareness (SSA) frameworks, where FAC-driven inputs could enhance regional risk
assessment and anomaly attribution in satellite operations [36][37].

Graphs and Charts

Figure 1: Avg FAC Intensity vs Year
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Figure 1: Average FAC Intensity vs Year (2000-2020)
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Y-axis: FAC intensity (LA/m?)
X-axis: Year
Overlaid with Solar Cycle phases (minimum, ascending, maximum, descending)

Figure 2: F10.7 vs FAC Intensity
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Figure 2: Correlation Between F10.7 Solar Flux and FAC Intensity

Scatter plot with linear regression line
R2 value indicating correlation strength

Figure 3: Latitudinal Distribution of FACs
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Figure 3: Latitudinal Distribution of FACs
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Figure 4: Seasonal Variation of FACS (NH vs SH)
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Figure 4: Seasonal Variation of FACs in Both Hemispheres

8l|Page



STATISTICAL STUDY OF FIELD-ALIGNED CURRENTS ...

« Boxplot by season (DJF, MAM, JJA, SON)
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Figure 5: Heatmap - MLT vs Latitude {FAC Intensity)
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Figure 5: Heatmap of Local Time vs FAC Intensity
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Figure 6: FAC Footprint Over Pakistan Region (2014 Solar Max)
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Figure 6: FAC Footprint Over Pakistan Region (Example from 2014 Solar Max)

o Satellite-derived FAC locations over South Asia
o Map with magnetic latitude/longitude contours

Summary

This study provides a comprehensive statistical evaluation of Field-Aligned Currents over two solar cycles using
CHAMP and Swarm data. Key findings include strong FAC intensities during solar maxima, clear latitudinal
and seasonal patterns, and significant hemispheric differences. Correlations with F10.7 and sunspot numbers
affirm solar activity as a primary driver of FAC dynamics. Regionally, Pakistan shows susceptibility to FAC-
induced ionospheric variability, with implications for navigation and communication systems. Future work
should focus on real-time FAC monitoring and integration into regional space weather alert systems to mitigate
risks in developing satellite infrastructures.
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