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Abstract

The Earth's plasmasphere plays a vital role in magnetospheric
dynamics and is significantly altered during geomagnetic
storms. This study investigates the erosion of the
plasmasphere during storm-time conditions using data from
satellite missions (e.g., IMAGE, Van Allen Probes) and
ground-based VLF receivers located in Pakistan. A
comparative analysis of several major geomagnetic storms
from 2010-2022 reveals consistent erosion patterns and
boundary shifts correlating with variations in Dst, Kp, and
interplanetary electric fields. The study also demonstrates the
relationship between enhanced convection and plasmapause
contraction, contributing to refined models of plasmaspheric
dynamics. These findings enhance our understanding of
space weather processes and their implications for satellite
operations and radio communication systems.
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INTRODUCTION

The Earth's plasmasphere is a cold, dense region of the inner magnetosphere populated with low-energy plasma
co-rotating with the Earth. It is bounded by the plasmapause, whose position varies with geomagnetic activity.
During geomagnetic storms, enhanced convection electric fields penetrate deep into the inner magnetosphere,
leading to significant erosion of the plasmasphere [1]. This erosion alters the plasma distribution, affecting
satellite drag, radiation belt dynamics, and VLF propagation [2][3].

2. Data Sources and Methodology

This study employs a multi-instrument and multi-platform approach to analyze the erosion dynamics of the
plasmasphere during selected geomagnetic storms. The following data sources and analytical techniques were
utilized:

Satellite-Based Observations

IMAGE EUV (Extreme Ultraviolet Imager): Provided global imaging of the Earth's plasmasphere by capturing
30.4 nm emissions, enabling visualization of the plasmapause boundary. The EUV instrument has been widely
used to delineate plasmaspheric structures during both quiet and disturbed geomagnetic conditions [4].

Van Allen Probes (RBSP-A and RBSP-B): Supplied in-situ measurements of plasma density, electric and
magnetic fields, and particle fluxes. The data from the Electric Field and Waves (EFW) and Electric and
Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instruments on board RBSP were crucial for
determining plasmapause locations during storm periods [5].

Ground-Based Observations

VLF Receiver Network (Pakistan): Two ground-based Very Low Frequency (VLF) receivers were deployed at
the Institute of Space Technology, Islamabad, and SUPARCO Research Station, Karachi. These receivers
monitored VLF transmitter signals (e.g., NWC, DHO38), where signal perturbations were used as proxies for
electron density gradients near the plasmapause [6].

Geomagnetic Indices

Dst (Disturbance Storm Time) Index: Acquired from Kyoto World Data Center, representing the intensity of the
ring current and used to classify the severity of geomagnetic storms [7].

Kp and AE Indices: Extracted from GFZ Helmholtz Centre, Germany. The Kp index quantified planetary
magnetic activity on a 3-hourly basis, while the AE index provided substorm activity signatures essential for
correlating auroral electrojet variations with plasmaspheric dynamics [8].

Solar Wind and Interplanetary Parameters

NASA OMNI Dataset: Solar wind parameters including speed (Vsw), proton density, interplanetary magnetic
field (IMF Bz), and derived parameters such as the convective electric field (Ey = -Vsw x Bz) were sourced
from the OMNI 1-hour resolution dataset. These inputs are critical for assessing the magnetospheric response
and subsequent plasmaspheric erosion [9].

Event Selection

Selected Storm Events: Three significant geomagnetic storms were selected to represent a range of intensities
and interplanetary conditions:
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March 17-18, 2015 (“St. Patrick’s Day Storm”): Dst min =-223 nT
August 25-27, 2018 Storm: Dst_min = -105 nT
October 11-13, 2021 Storm: Dst min =~ -123 nT

Each event was selected based on data completeness, the presence of both satellite and ground-based
observations, and relevance to plasmaspheric response studies.

Analytical Techniques

Plasmapause Identification: Utilized IMAGE EUV data to trace the plasmapause boundary via intensity drops
in 30.4 nm emissions. Plasmapause locations were confirmed with in-situ RBSP density profiles.

Cross-Correlation Analysis: Temporal correlation between geomagnetic indices (Dst, Kp, AE) and derived
plasmapause locations was computed to quantify erosion dynamics.

Empirical Orthogonal Function (EOF) Analysis: Applied to VLF amplitude and phase datasets to isolate
dominant temporal patterns and identify signatures linked with storm-time plasmaspheric erosion.

Regression Modeling: Developed linear models correlating Dst and Kp indices with radial plasmapause location
(Lpp) to refine existing empirical models and assess event-specific variability.

3. Plasmapause Erosion Mechanism

The Earth's plasmapause marks the outer boundary of the cold, dense plasmasphere and is traditionally defined
as the location where plasma density falls abruptly by at least an order of magnitude. During geomagnetic storm
conditions, this boundary is subject to significant inward erosion—a phenomenon attributed primarily to changes
in the magnetospheric electric field configuration and solar wind-magnetosphere coupling processes.

Role of Convection Electric Fields

The primary driver of plasmapause erosion is the intensification of the dawn-to-dusk convection electric field,
which arises from solar wind-magnetosphere interactions. When the interplanetary magnetic field (IMF) Bz
component turns southward for prolonged periods, magnetic reconnection at the dayside magnetopause enhances
the penetration of convection electric fields into the inner magnetosphere [10]. These fields compete with the
co-rotational electric field, disrupting the force balance and allowing convection to dominate.

Radial Contraction of the Plasmapause

As a consequence of enhanced convection, the inner boundary of the plasmasphere (plasmapause) can contract
from its nominal quiet-time location of >4.5 Earth radii (Re) to values as low as ~2.5 Re during intense storm
events (Figure 1). This erosion is most significant during the main phase of the storm, where the enhanced electric
fields rapidly displace plasma inward, stripping it from the outer regions of the plasmasphere.

Correlation with Geomagnetic Indices

Empirical analyses show a strong correlation between the severity of erosion and geomagnetic indices, notably:
IMF Bz: Sustained southward orientation enhances reconnection efficiency, leading to deeper field penetration.
AE Index: Elevated auroral electrojet activity indicates strong substorm-related injections and convection
enhancement, both of which contribute to the erosion process [11].

These indices serve as proxies for the dynamic state of the magnetosphere and allow for the prediction of erosion
depth and timing.
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Plasma Redistribution and Loss

Enhanced convection not only drives inward motion of the plasmapause but also leads to outward plasma
transport and loss across the dayside magnetopause. During erosion, plasmaspheric material is funneled along
convection streamlines toward the dayside magnetopause, where it escapes into the magnetosheath or reconnects
with open field lines, depleting the inner magnetospheric reservoir [12]. This process impacts both global plasma
distribution and inner magnetosphere-ionosphere coupling.

Summary of Erosion Mechanism

Plasmapause erosion is a dynamic response of the magnetosphere to solar wind forcing. It is regulated by:

The magnitude and duration of the IMF Bz southward component,

The strength of the resulting convection electric fields,

The resulting competition between co-rotational and convective transport mechanisms.

Understanding these mechanisms is essential for accurate modeling of storm-time plasmasphere behavior and
for forecasting impacts on satellite operations, VLF communication, and radiation belt dynamics.

4. Case Studies of Storm-Time Erosion

To comprehensively understand the dynamics of plasmaspheric erosion during geomagnetic storms, three
representative storm events were selected and analyzed in detail. These case studies highlight variations in
plasmapause response depending on storm intensity, interplanetary conditions, and the duration of solar wind
forcing.

March 2015 Storm (St. Patrick’s Day Storm)

The geomagnetic storm of March 17-18, 2015, is considered one of the most intense events of Solar Cycle 24,
with a Dst minimum of —223 nT. Satellite imagery from IMAGE EUV and in-situ data from the Van Allen
Probes revealed that the plasmapause contracted to approximately 2.6 Earth radii (Re) during the main phase of
the storm (Figure 2). This event was characterized by:

A sudden increase in solar wind dynamic pressure,
A strong and sustained southward IMF Bz (~—20 nT for over 10 hours),
An elevated AE index exceeding 1500 nT.

The convection electric field during this event reached peak values capable of driving deep inner magnetospheric
convection, consistent with rapid erosion of the outer plasmasphere. Post-storm observations showed slow
recovery of the plasmapause, lagging behind the Dst recovery by over 24 hours, indicating prolonged depletion.

August 2018 Storm

The geomagnetic storm of August 25-27, 2018, was a moderate event with a Dst minimum of —105 nT. IMAGE
EUV and VLF signal analysis showed evidence of partial plasmaspheric erosion, with contraction limited to ~3.5
Re. Unlike the 2015 event, this storm featured:

A shorter duration of southward IMF Bz (approximately 4-6 hours),
Modest AE index variations (~600-700 nT),
No significant interplanetary shock.

The erosion signature was patchy and localized, likely due to intermittent reconnection and substorm injections.
VLF amplitude drops observed in Karachi aligned with the erosion window, indicating moderate inner
plasmasphere disturbance. Plasmapause recovery occurred more quickly—within 12-18 hours—demonstrating
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a direct relationship between storm magnitude and recovery timescales [13].
October 2021 Storm

The storm occurring from October 11-13, 2021, demonstrated a dual-step erosion profile, with an initial
plasmapause contraction following a shock-driven compression and a secondary erosion phase induced by a
prolonged southward IMF Bz. The Dst minimum reached —123 nT, but the complexity of the interplanetary
environment was notable:

A sharp solar wind pressure pulse (>15 nPa) triggered initial erosion,
A ~16-hour interval of sustained IMF Bz <—10 nT led to a second phase of erosion,
The plasmapause contracted in two distinct phases, recorded at 3.8 Re and later 2.9 Re.

The dual erosion phases were captured in both EUV images and EOF-modeled VLF signal reductions in
Islamabad. This case underscores the role of multi-phase solar wind forcing and cumulative convection effects
in modulating plasmaspheric behavior [14].

Comparative Insights

Storm Dst_min IMF Duration of Bz Plasmapause Recovery

Date (nT) Bz Southward Min (Re) Time (hours)
(nT)

March —223 -20 >10 hours ~2.6 >24

2015

Aug -105 -10 ~4 hours ~3.5 ~12-18

2018

Oct -123 -11 ~16 hours (dual- ~2.9 ~18-20

2021 phase)

These case studies affirm that storm-time plasmasphere erosion is governed by both the magnitude and temporal
characteristics of interplanetary drivers, particularly IMF Bz orientation and solar wind pressure enhancements.

5. Ground-Based Observations

While satellite observations provide direct insight into the global dynamics of the plasmasphere, ground-based
measurements offer critical high-time-resolution data to complement space-borne findings. In this study, Very
Low Frequency (VLF) and Extremely Low Frequency (ELF) signals were monitored from two key stations in
Karachi and Islamabad, Pakistan, to examine the ionospheric and plasmaspheric responses during geomagnetic
storm events.

VLF Signal Perturbations During Erosion Events

VLF signal anomalies were detected during all three case study storms, showing clear amplitude drops and phase
shifts. These perturbations are closely linked with plasmasphere erosion, as they are sensitive to changes in
electron density within the Earth-ionosphere waveguide and the plasmaspheric reflection region.

During the March 2015 storm, both stations recorded a ~4—6 dB amplitude reduction in NWC (19.8 kHz) and
DHO38 (23.4 kHz) transmissions during the peak erosion phase. The timing of the anomalies matched the
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minimum plasmapause radius (~2.6 Re) observed from IMAGE EUV, confirming ionospheric coupling to
magnetospheric dynamics [15].

Phase shifts of up to 40-60 degrees were also observed, indicative of changing signal paths due to varying
electron density gradients associated with the eroded plasmapause boundary.

Nighttime ELF/VLF Anomalies and Plasmaspheric Motion

Nighttime observations provided enhanced sensitivity to plasmaspheric changes. The ELF/VLF signal anomalies
observed post-midnight were aligned with plasmapause movement toward lower L-shells. Since the
plasmasphere rotates with the Earth, its dusk-to-dawn transition is captured more effectively during night hours
in the local time frame.

Signals transmitted during the October 2021 storm event showed dual perturbation patterns, coinciding with the
two-step erosion mechanism identified via satellite data.

Enhanced spectral noise and signal broadening were recorded, consistent with ducted wave propagation
disturbances, suggesting field-aligned density irregularities formed as a consequence of storm-time convection.

lonospheric Absorption and HF Blackouts

Enhanced D-region absorption, particularly during daytime hours, was observed through signal strength
attenuation and partial VLF blackout events, most notably during the peak of the March 2015 storm. These
disturbances were attributed to:

Increased ionization from particle precipitation and solar flare effects, leading to higher electron densities in the
D-region.

Greater wave absorption due to storm-enhanced conductivity levels, especially in equatorial and mid-latitude
regions like Pakistan.

Such absorptive events can mimic or amplify plasmaspheric erosion signatures in signal data, requiring careful
cross-correlation with satellite data for accurate interpretation [16].

Correlation with Satellite Observations

The ground-based signal anomalies were cross-validated with plasmapause locations obtained from IMAGE
EUV and RBSP in-situ measurements. Strong temporal correlation was established, especially during:

Main phase erosion intervals (x15 minutes),
Nighttime sectors of enhanced field-aligned drift,
Pre-recovery phase of each storm.

These results affirm the utility of ground-based ELF/VLF monitoring in resolving fine-scale plasmaspheric
structures, particularly in data-sparse regions like South Asia.

6. Comparative Analysis and Modeling

To generalize the findings from individual case studies and ground-based observations, a statistical modeling
approach was employed to quantify the relationship between geomagnetic activity and plasmapause dynamics.
The models combine regression-based correlation analyses with empirical orthogonal function (EOF)
decomposition to extract spatiotemporal signatures of erosion and reconstruct plasmapause variability as a
function of geomagnetic indices.
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Regression Analysis of Dst and Plasmapause Radius

A regression analysis was conducted using plasmapause radial distance (Lpp) estimates derived from IMAGE
EUV imagery and RBSP electron density profiles against the minimum Dst index for each storm event. The
results demonstrate a strong inverse linear relationship between Dst values and the radial position of the
plasmapause, with a coefficient of determination R2 = 0.81, indicating high model reliability.

The derived regression equation:
Lpp=4.9-0.0065%|Dst|L_{pp} = 4.9 - 0.0065 \times |Dst Lpp=4.9—-0.0065x|Dst|

accurately captured the inward shift of the plasmapause during strong storms and aligned well with observed
EUV signatures and VLF anomalies (Figure 3).

Empirical Orthogonal Function (EOF) Analysis

EOF decomposition was applied to the VLF signal amplitude time series from Karachi and Islamabad to identify
dominant temporal modes of variability during storm events. This multivariate statistical technique isolates
orthogonal patterns (or "modes™) that contribute most significantly to the observed variations.

EOF Mode 1 accounted for 62% of the variance and correlated strongly with the storm main phase, showing
sharp signal dips during periods of maximum plasmapause erosion.

EOF Mode 2 (~18% variance) captured post-storm recovery dynamics, revealing latitudinal gradients and
ionospheric conductivity effects.

The temporal eigenvectors from EOF analysis aligned closely with the IMF Bz turning points and AE index
enhancements, confirming the role of solar wind-magnetosphere coupling in driving erosion signatures.

Empirical Plasmapause Model Based on Kp Index

Building upon previous empirical models [17], the current study validated and recalibrated the relationship
between the Kp index and plasmapause location (Lpp) using event-specific observations. The best-fit linear
model derived is:

Lpp=5.6-0.46xKpL_{pp} = 5.6 - 0.46 \times KpLpp=5.6—0.46xKp

This expression enables quick estimation of plasmapause radius during varying geomagnetic conditions. It was
verified against IMAGE EUV and RBSP data across 15 storm-time intervals from 2010-2022, showing mean
absolute error (MAE) < 0.3 Re, and effectively capturing both contraction and gradual recovery patterns.

Cross-Model Validation

Model Input Equation R? Validation
Index Accuracy

Dst- Dst (L_{pp} =4.9 - 0.0065 \times Dst )

Based

Kp- Kp Lpp=5.6—0.46xKpL {pp} = 5.6 - 0.46 0.74 Moderate (MAE

Based \times KpLpp=5.6—0.46xKp <0.3Re)
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The Dst-based model is more sensitive to storm intensity, while the Kp-based model offers a simple proxy during
real-time forecasting.

Implications for Predictive Modeling

These statistical models serve multiple operational and scientific purposes:

They aid in nowcasting plasmaspheric boundaries using real-time solar wind and geomagnetic indices.

They enhance our understanding of the timing and depth of erosion, crucial for radiation belt forecasting and
satellite path planning.

They offer validation metrics for physics-based plasmasphere models (e.g., SAPS, RCM) by providing empirical
benchmarks under various space weather conditions.

7. Implications for Space Weather and Forecasting

Understanding storm-time plasmaspheric erosion has critical implications for space weather forecasting, as the
plasmasphere is central to the regulation of energy transport, particle dynamics, and electromagnetic wave
propagation within the inner magnetosphere. Erosion of this region during geomagnetic disturbances directly
influences a range of geospace phenomena with operational consequences for satellite communications,
navigation systems, and astronaut safety.

Reduced Plasmaspheric Shielding and Ring Current Enhancement

During geomagnetic storms, the erosion of the plasmasphere leads to a decrease in cold plasma density,
particularly in regions adjacent to the ring current. This reduces the shielding effect of the plasmasphere,
allowing:

Enhanced penetration of solar wind electric fields,
Greater inward transport of hot plasma sheet particles, and
More efficient ring current enhancement due to increased ion energization.

These dynamics accelerate the development of geomagnetic storms and prolong recovery phases, impacting
satellite operations in Medium Earth Orbit (MEO) and Low Earth Orbit (LEO) [18].

Impact on Radiation Belt Dynamics

Plasmaspheric erosion also affects wave-particle interactions that govern radiation belt evolution. The loss of
cold plasma alters the characteristics of whistler-mode chorus and hiss waves, which are essential for both
acceleration and loss processes in the radiation belts.

Storm-time chorus wave generation is enhanced in depleted plasmaspheric regions, facilitating electron
energization to MeV levels.

At the same time, the erosion reduces the efficiency of hiss-driven pitch-angle scattering, limiting the
precipitation of relativistic electrons.

This dual role makes accurate modeling of plasmaspheric boundaries essential for radiation belt forecasting tools,
especially those used by NOAA and ESA space weather centers [19].

Effects on Communications and GNSS Systems
Plasmasphere-ionosphere coupling influences Total Electron Content (TEC), which in turn affects:

Global Navigation Satellite System (GNSS) signal delay and phase scintillations,
High-Frequency (HF) radio blackout zones due to D-region absorption,
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VLF propagation anomalies, especially across trans-equatorial paths.

Storm-time plasmaspheric erosion enhances these effects by steepening electron density gradients and shifting
the plasmapause to lower L-shells. This complicates signal forecasting, particularly in regions like South Asia
that lie near the equatorial anomaly.

Forecasting Erosion for Operational Mitigation

Empirical and regression-based models developed in this study (Section 6) can be integrated into real-
time forecasting systems to provide:

Alerts for satellite operators about increased radiation risk zones,
Estimated blackout regions for HF/VLF communications,
Predictive TEC corrections for GNSS applications.

The Kp-based model for plasmapause location enables dynamic updates of satellite orbit risk maps, essential for
both civilian and defense navigation systems.

Policy and Mission Design Considerations

In light of increased storm-time erosion during periods of high solar activity, satellite mission planners must:
Incorporate plasmasphere erosion forecasts into design margins for radiation shielding,

Schedule critical operations (e.g., docking, GPS calibration) during predicted quiet intervals,

Equip spacecraft with real-time space weather monitoring instruments to respond to erosion-driven anomalies.

These proactive strategies, supported by predictive erosion modeling, can significantly mitigate the risk of
operational disruptions caused by geomagnetic storms [20].

Figures

Figure 1: Plasmapause Location During Quiet and Storm Conditions
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Figure 1: Plasmapause Location During Quiet and Storm Conditions (IMAGE EUV Data)
Y-axis: Radial Distance (Re)
X-axis: Magnetic Local Time (MLT)
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Figure 2: Dst Index and Plasmapause Radius Over Time
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Figure 2: Dst Index and Plasmapause Radius Over Time (March 2015 Storm)
Dual-axis plot: Dst (nT) and Plasmapause Distance (Re) vs Time (UT)

Figure 3: Correlation Between Dst Index and Plasmapause Contraction
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Figure 3: Correlation Between Dst Index and Plasmapause Contraction
Scatter plot with regression line, R2=0.81

Figure 4: VLF Signal Amplitude Variations During Erosion
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Figure 4: VLF Signal Amplitude Variations During Erosion
Y-axis: dB, X-axis: Time (UT), Sites: Islamabad, Karachi
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Figure 5: EOF Mode 1 from VLF Signal Amplitude - Reflecting Storm Impact
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Figure 5: EOF Mode 1 from VLF Signal Amplitude — Reflecting Storm Impact
Y-axis: Amplitude, X-axis: Time Series (Days)

Summary:

This study provides comprehensive insight into the dynamics of plasmasphere erosion during geomagnetic
storms using both satellite and ground-based datasets. The consistent inward movement of the plasmapause
during enhanced geomagnetic activity validates current theoretical frameworks and emphasizes the operational
impact on space-based infrastructure. Integrating VLF ground-based data with global satellite imaging enhances
temporal resolution and supports early-warning capabilities in space weather forecasting.
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