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Introduction
The Earth’s radiation belt environment is highly dynamic, with different processes acting on various particle populations over a range of timescales. Constraining the timescales over which these processes act is essential to both our physical understanding of the radiation belt environment and our ability to predict and mitigate space weather effects.
Methods
In this study, we leverage the GPS constellation to evaluate a radiation belt dropout that occurred on 14 May 2019, combining observations from 18 GPS satellites during this event to evaluate the dominant loss mechanism of the dropout and to constrain the timescale of this loss. This dropout affected the entire relativistic electron population, abruptly depleting the 4 MeV population by an order of magnitude following a strong magnetopause compression.
Results
We identify magnetopause shadowing as the dominant loss mechanism during this dropout through analysis of the electron flux data and the temporal evolution of the electron phase space density with respect to the last closed drift shell. The K=0.14REG1/2, μ=3433MeV/G electron population was eliminated within 30 min at 4.8≤L*<4.9 and eliminated in 126 min at 4.5≤L*<4.6.
Discussion
Dropout events are typically understood to occur on timescales of several hours to a day and sub-hour dropouts have previously only been reported by a handful of studies, so this is an exceptionally rapid elimination of the relativistic population. Our results therefore reinforce that radiation belt dropouts can occur on sub-hour timescales and highlight the value of the GPS constellation (which now contains 25 satellites distributed across magnetic local time) on studying these rapid, large-scale dynamics in the Earth’s radiation belts.
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1 INTRODUCTION
Earth’s outer radiation belt is largely composed of electron populations with energies ranging from 100s keV to multiple MeV, and extends from ∼3<L<∼7 (Turner and Ukhorskiy, 2020). Relativistic (MeV range) outer belt electrons have drift periods on the order of a few minutes. The Earth’s outer radiation belt is sensitive to solar wind drivers, such as the impact of coronal mass ejections (CMEs) or high-speed solar wind streams (HSSs), that can cause large, sudden changes to the radiation belt environment (e.g., Grandin et al., 2019). Thus, the outer radiation belt presents a highly dynamic environment and can undergo system-wide changes in response to solar wind drivers.
The Earth’s radiation belts pose a threat to electronics and humans in space, and are therefore a significant space weather hazard (Baker et al., 2017). The outer radiation belt has been highlighted as a particularly severe space weather hazard to spacecraft, including commercial, military and scientific spacecraft (Lanzerotti and Baker, 2017). Satellites that are located on geostationary orbit (equatorial orbits at ∼6.6RE geocentric radial distance, where the Earth’s radius, RE, is 6371 km) are near-constantly exposed to this exceptionally dangerous environment. One particular hazard caused by energetic electrons (≳100’s of keV) within the outer radiation belt is interior spacecraft charging, where electrons pass through the spacecraft shielding and enter the insulating material within the satellite (Hastings and Garrett, 1996), which can cause an accumulation of charge within the insulating material over time. This accumulated charge induces an electric field and (when this induced field becomes larger than the breakdown strength of the material) a discharge will occur (Hastings and Garrett, 1996). These discharges can be particularly harmful to satellites because they can damage supposedly-shielded materials and sensitive electronics within the spacecraft (Baker et al., 2017). Accurate and timely prediction of the radiation belt environment is critical to mitigating these hazards, as discussed in Horne et al. (2021), but the dynamic environment of the outer radiation belt (particularly in response to extreme driving solar wind conditions) makes this task profoundly difficult. Constraining the timing and driving mechanisms of system-wide radiation belt dynamics is critical for this space weather forecasting that is required to mitigate the hazards presented by the radiation belts.
Radiation belt dropout events are characterized by permanent losses of radiation belt electrons, where the flux of a given population is significantly depleted or even eliminated (e.g., Turner et al., 2012). Precipitation into the atmosphere is a major pathway for the loss of radiation belt electrons. Wave-particle interactions that drive pitch-angle scattering are a major driver of precipitation; plasmaspheric hiss precipitates 10s - 100s keV electrons (Li et al., 2019; Ma et al., 2021) and electromagnetic ion cyclotron (EMIC) waves can drive precipitation of 100s keV to multi-MeV electrons (Usanova et al., 2014; Hendry et al., 2017). Radiation belt losses can also occur when particles cross the magnetopause during their drift orbit and are lost to the solar wind. This can be caused by inward motion of the magnetopause (Cohen et al., 2017; Staples et al., 2022) or outward motion of radiation belt particles (Ozeke et al., 2017; Ozeke et al., 2020; George et al., 2022). The subsolar magnetopause is generally located 11.0RE geocentric distance from Earth (Fairfield, 1971), but can move inward in periods of southward interplanetary magnetic field (IMF) or high dynamic pressure (Shue et al., 1998). The magnetopause can also be strongly compressed when solar wind transients, such as CMEs, impact the Earth’s magnetosphere (e.g., Fu et al., 2025), which can directly drive strong losses of radiation belt particles.
Determining the dominant loss mechanism(s) and the timescale of loss during dropout events is critical for understanding these system-wide disruptions to the radiation belt environment. Dropout events may be predominantly caused by precipitation (e.g., Pham et al., 2017), dominated by loss across the magnetopause (e.g., Olifer et al., 2018), or due to a balance of these two loss pathways (e.g., Xiang et al., 2017). Statistical analysis of 1.1–1.5 MeV radiation belt electron dropouts that were driven by solar wind transients had an average loss time of 6 h (Borovsky and Denton, 2009). A large amount of recent radiation belts research on dropout events (e.g., Turner et al., 2014; Xiang et al., 2018) was performed using the Van Allen Probes (RBSP) constellation, which consisted of a pair of satellites with approximately 8 h orbital periods. RBSP data revealed that radiation belt dropout events generally occur on a timescale of a few hours (Turner and Ukhorskiy, 2020, and references within). For example, one dropout event during the RBSP era caused the relativistic electron population to be lost in <6 hours following the impact of an interplanetary shock, as determined from in-situ RBSP data (Zhang et al., 2016); the dropout timescale for this event was then further refined to ∼1.5 hours with the use of simulations (Su et al., 2017).
However, a small number of radiation belt dropouts have been identified that occurred significantly faster than this few-hour timescale. Through analyses that combined in-situ data from multiple constellations and/or satellite constellations that dwell within the radiation belts, a few radiation belt dropout events were found to have occurred on sub-hour timescales. As an extreme example, Kurita et al. (2018) reported that an order of magnitude loss of ∼2.5 MeV radiation belt electrons due to EMIC-driven precipitation may have occurred in as little as 10 min, comparable to the drift period of MeV electrons in the outer belt. In-situ observations of radiation belt dynamics on this timescale are highly challenging; Kurita et al. (2018) leveraged data from the two RBSP satellites and Arase satellite, which observed an order of magnitude flux decrease of the ∼2.5 MeV electron population within ∼1.5 hours during a period of enhanced EMIC activity. Combining these in-situ observations with the onset time of ground-based observations of detached proton aurora (a proxy for the start time of EMIC-driven precipitation) provided a ∼10 minute timescale of the radiation belt dropout (Kurita et al., 2018). The Global Positioning System (GPS) constellation has also been used to evaluate system-wide radiation belt dynamics that occur on timescales shorter than the RBSP orbital period, as the multiple satellites within this constellation are distributed across magnetic local time (MLT) and therefore provide global observations of the radiation belt environment. Olifer et al. (2018) used GPS observations to evaluate several radiation belt dropouts and determined that these events had a ≤0.5−2 hour loss timescale, and that these rapid radiation belt dropouts were driven by sharp compression of the magnetopause. Morley et al. (2010) also examined a rapid radiation belt dropout using GPS data, and determined that the loss timescale was ∼2 hours. Strong outward radial diffusion can continually transport radiation belt electrons beyond the magnetopause in the aftermath of the initial depletion (Loto’aniu et al., 2010), which can cause the dropouts to persist for long timescales following a rapid loss, such as a ≥ 10 days extinction of the multi-MeV electron populations following a loss event that depleted the outer belt in approximately an hour (Ozeke et al., 2017).
In this study, we evaluate a rapid radiation belt dropout that occurred on 14 May 2019, using observations of outer radiation belt electrons from the GPS constellation. We find that the 4 MeV electron population was totally eliminated in 30 min at 4.8≤L*<4.9, which is an intense and extremely rapid dropout, and determine that this dropout was driven by losses across the magnetopause. Section 2 describes the data used in this study, Section 3 provides an overview of the dropout event, and Section 4 details our analysis of the radiation belt fluxes and phase space density (PSD). The conclusions of this study are in Section 5.
2 DATA AND METHODS
2.1 GPS electron flux data
We use electron flux data (j) provided by the GPS constellation, which consisted of 21 satellites in 2019. These satellites are distributed across six orbital planes with near-circular orbits of a constant geocentric average distance of 4.17RE (Morley et al., 2010). The six orbital planes have a nominal inclination of 55° and are distributed across magnetic local time (MLT) with a 12-h orbital period (Morley et al., 2016). The highly tilted orbits of the GPS satellites mean that they cross magnetic field lines corresponding to a wide range of L-shell (L). At the equator, the GPS sample particles near L ∼ 4 and at greater latitudes, measure particles bouncing along the magnetic field lines corresponding to higher L-shells. Therefore, the GPS constellation provides observations at L-shells through the mid-outer portions of the outer radiation belt.
We utilize data from all active satellites that carry a Combined X-ray Dosimeter (CXD) instrument during the 14 May 2019 event, except ns60, ns69, and ns74 for a total of 18 satellites. The CXD instrument provides omnidirectional electron counts with a 4-min time resolution. The electron count data from GPS satellites were calibrated against Van Allen Probe (RBSP) data during satellite conjunctions to derive a flux data product; a summary of the calculation of electron fluxes from GPS observations is provided in Morley et al. (2016). Satellite ns60 had intermittent noise during this event that resulted in unreliable flux fit modeling so was removed from the analysis; Smirnov et al. (2020) and Kalliokoski et al. (2023) also removed satellite ns60 from their analysis of 17 years due to long-term intermittent noise. Satellite ns69 was removed due to low-quality fits. Satellite ns74 was removed from the analysis because the dropped_data quality flag indicates that this satellite had poor-quality data from midnight until 11:00 UTC. As a result, ns74 did not provide observations within the radiation belts before the dropout or during the initial stages of the dropout itself, making it unsuitable for our analysis.
We use version v1.10 of the GPS data. We use the 4.0 MeV electron fluxes included in the GPS data product for this study and L-shell calculated with the (Tsyganenko, 1989, T89) magnetic field model combined with the International Geomagnetic Reference Field (IGRF, Alken et al., 2021) internal field.
We use the fit quality flag (F, Equation 1) defined in Smirnov et al. (2020), where the predicted and observed:.
F=maxlog10predictedcountsobservedcounts,(1)
where the predicted and observed counts are provided by the variables “model_counts_electron_fit” and “rate_electron_measured” respectively in the GPS datafiles. We remove any flux datapoints where F>0.11 to remove low quality fits, as was also used by Smirnov et al. (2020), Kalliokoski et al. (2023), Olifer et al. (2024). The ns69 satellite had F>0.11 throughout the dropout event so was removed from our analysis.
2.2 Phase space density calculation
Evaluation of flux data to determine the mechanism(s) driving radiation belt dynamics can sometimes be misleading, as adiabatic changes (such as the Dst effect, Kim and Chan, 1997) can drive large variations in the flux data without fundamentally changing the population. To overcome this limitation, many radiation belt studies (e.g., Reeves et al., 2013; Turner et al., 2014; Dai et al., 2015; Zou et al., 2020; Drozdov et al., 2022) evaluate the phase space density (PSD, f) of a population. The PSD of a population [when expressed in terms of adiabatic coordinates, μ, K and L*, detailed in Koskinen and Kilpua (2022)] does not temporally vary as the population undergoes adiabatic processes, so analysis of PSD data can isolate the non-adiabatic processes acting on a given radiation belt population. Evaluation of the PSD of a radiation belt population therefore enables determination of the dominant process (es) that drive permanent changes to that population.
The electron phase space density can be calculated from the electron flux. Electron flux data are generally provided as a function of energy (E), pitch angle (α) and L-shell (L). Liouville’s theorem states that f can be calculated in terms of E and α by dividing j(E,α) by the relativistic momentum squared of the population. Coordinate changes are then used to transform the L of the flux observation into the corresponding L*, and then E,α of the population into the μ,K; the phase space density can then be expressed in terms of (μ,K,L*). Further detail on these coordinate transforms are provided in Section 2.1 of Olifer et al. (2024). The calculation of K and L* from E, μ and L requires the use of a global geomagnetic field model; we use the Tsyganenko and Sitnov (2005) (TS04) model for these calculations.
We calculate the electron phase space density from the GPS data following the approach of Hartley and Denton (2014), which has previously been applied to the GPS data in Kalliokoski et al. (2023), Olifer et al. (2024). In order to calculate the electron PSD from the GPS flux data, we first select the μ and K values for the population of interest; we select K=0.1REG1/2, μ=3433 MeV/G population for analysis in this study. We then use the LANLGeoMag library (Henderson et al., 2018) and TS04 geomagnetic field model to calculate the equatorial pitch angle corresponding to the selected K at the satellites’ locations, and the L* corresponding to these locations. Next, we calculate the energy of the population corresponding to this equatorial pitch angle and L*. The selected μ,K values correspond to an electron population with energy of ∼3.5 MeV and equatorial pitch angle of ∼50° at L*∼4.2. We then use the flux-forward model (Henderson et al., 2018) to calculate the omnidirectional electron flux at this energy from the GPS count data. This flux-forward model is a fit to a combination of relativistic Maxwellian and Gaussian functions, and the fit parameters are provided in the GPS data product; further details on this model are provided in the appendix of Morley et al. (2010).
The next step of the PSD calculation combines the omnidirectional electron flux data corresponding to the selected μ,K with a pitch angle distribution model in order to acquire the directional flux. We use the relativistic electron pitch angle distribution (REPAD, Chen et al., 2014) model for this calculation. This is an empirical model that was developed from statistical analysis of pitch angle distributions of relativistic electrons in the outer radiation belt, using data from CRRES, Polar and LANL-97A, and was constructed by fitting Legendere polynomials to the observed pitch angle distributions. The REPAD requires parameters from the magnetic field model and AE index as input; the AE data were accessed from OMNIWeb (https://omniweb.gsfc.nasa.gov/, last access: 2 Feb 2024) and we again use the TS04 model for the inputs to REPAD. The equatorial pitch angle distribution obtained from REPAD were then normalised by the omnidirectional flux data from GPS, providing the directional fluxes for the equatorial pitch angles and energies corresponding to the selected μ and K values. This provides the j(E,α) for the electron population with the selected μ,K at each L where electron counts are observed by a given GPS satellite. This j(E,α) can then be converted to f(E,α) by dividing by relativistic momentum squared to obtain the PSD at each L and time. Coordinate transforms then express these data in adiabatic coordinates to obtain f(μ,K,L*).
The use of a pitch angle model to calculate the directional fluxes from the omnidirectional flux data introduces some uncertainty. When a GPS satellite is near the magnetic equator, the counts measured by the CXD instrument will encompass a large majority of the electron population, including the particles with very large equatorial pitch angles that mirror near the equator. However, as the satellite moves away from the equator, the GPS count data will represent a smaller and smaller portion of the total population, as the CXD will only be able to detect electrons that have a magnetic mirror point that is located at a magnetic latitude that is greater than the latitude of the satellite. As a consequence, the GPS count data at large L does not include the full particle distribution but only includes particles with sufficiently small equatorial pitch angles to mirror beyond the satellites’ location. The uncertainty of the directional flux data that corresponds to near-equatorially mirroring particles is therefore larger when the satellite is located at high L. In order to combat this uncertainty, we calculate the ratio between the portion of the pitch angle distribution that is observed by the GPS satellite and the full pitch angle distribution, and discard PSD data where this ratio is less than 10%. This is the same uncertainty evaluation that was used in Kalliokoski et al. (2023).
2.3 Solar wind and geomagnetic conditions
We use solar wind and interplanetary magnetic field (IMF) data accessed from the OMNI database (Papitashvili and King, 2020) to contextualize the radiation belt dropout event. We use the 1-min time resolution data from the WIND spacecraft that was timeshifted from the L1 point to the subsolar bowshock nose. We also use planetary K-index (Kp) and Disturbance Storm Time (Dst) indices from ground-based observations accessed via WDC Kyoto. Finally, we calculate the Last Closed Drift Shell (LCDS) from the LANLGeoMag model (Henderson et al., 2018). The LCDS is the maximum defined L* of a population with given a K value, and therefore represents the outer boundary of stable trapping in the Earth’s radiation belts (Albert et al., 2018). We compute the LCDS for the K=0.14REG1/2 population using the TS04 geomagnetic field model.
3 EVENT OVERVIEW
Solar wind/IMF conditions and geomagnetic indices are shown in Figure 1 to contextualize the radiation belt dropout that occurred on 14 May 2019. Figure 1a shows the IMF components and magnitude, subplot 1b depicts the solar wind dynamic pressure, and subplot1c provides the solar wind velocity. Subplot 1d shows the Kp and Dst geomagnetic indices. Subplot 1e shows the magnetopause location calculated from the Shue et al. (1998) magnetopause model (RE), and subplot 1f shows the LANLGeoMag LCDS calculated with K=0.14REG1/2 and the TS04 geomagnetic field.
[image: Graphs showing solar wind conditions for May 14th, 2019. Panels include: a) Interplanetary Magnetic Field strength with Bx, By, Bz, and Btot lines; b) Dynamic Pressure increasing around 04:00; c) Solar Wind Velocity rising between 400 to 600 km/s; d) Geomagnetic Indices indicating Kp and Dst variations; e) Magnetopause Location fluctuating between 8 and 11 Re; f) Last Closed Drift Shell for K=0.14 Re showing a decline around 05:00.]FIGURE 1 | Solar wind driving conditions during the radiation belt dropout event. (a) Interplanetary Magnetic Field (IMF) strength and components. (b) Solar wind dynamic pressure. (c) Solar wind velocity. (d) Kp and DST indices. (e) Subsolar magnetopause location. (f) LCDS calculated with K=0.14REG1/2 and the TS04 geomagnetic field. The x-axis displays the time in UTC.The solar wind velocity steadily increases from ∼400 km/s at midnight until ∼5:00 UTC (all times are in UTC and 24-h time for the remainder of the manuscript), at which point it plateaued at a value of 550 km/s for the remainder of the 14 May 2019. The continuous 550 km/s solar wind velocity classifies this event as a HSS (Grandin et al., 2019). In addition to the high solar wind velocity, there is also a strong southward IMF on the morning of 14 May 2019. Figure 1a shows that the IMF magnitude (blue) was elevated and that the southward (Bz, red) component dominated. From approximately 4:00–7:00, the Bz component plateaued at ∼−10 nT while the total IMF magnitude was ∼12 nT. The magnetic field would then be further amplified following transmission across the bowshock before impinging on the Earth’s magnetopause (Dai et al., 2023; Madanian et al., 2024) A large dynamic pressure pulse (magnitude ∼ 8 nPa) then occurred as the IMF rotated northward from ∼7:00–8:00, following which the IMF magnitude decreased and the Bz component remained near 0 nT. Moreover, the DST reaches a minimum value of −65 nT and Kp reaches a maximum of 6.3, corresponding to a moderate geomagnetic storm, with the strongest geomagnetic activity occurring from 6:00–9:00.
Negative IMF Bz and high solar wind dynamic pressure result in effective dayside magnetopause reconnection (Milan et al., 2006). Enhanced dayside reconnection can directly result in enhanced magnetospheric convection (Dai et al., 2024) and erosion of the subsolar magnetopause (Cowley and Lockwood, 1992). The subsolar magnetopause location (Rmp) calculated from the Shue et al. (1998) model is shown in Figure 1e; this is strongly compressed from 4:00–8:00. The magnetopause is initially located at ∼10RE at the beginning of the day, but rapidly undergoes a strong compression to ∼7–8 RE beginning at approximately 4:00 when the IMF rotates southward. The magnetopause remains continuously compressed until ∼8:00, when the magnetopause quickly returns to its pre-compression location of ∼10 RE. The compression of the magnetopause closely aligns with the time period where the IMF was predominantly southward with comparatively minor Bx and By components; the dynamic pressure pulse at ∼7:00 had a comparatively minor effect on the magnetopause location.
The LCDS, which represents the outer boundary of trapped outer radiation belt particles in adiabatic space (Albert et al., 2018), also demonstrates a strong compression from L*∼8 at 4:00 to L*∼5.5 at 7:00. The LCDS then begins to move to higher L* at approximately 8:00 and returns to its nominal location by 12:00. The LCDS compression was more gradual than the inward motion of the magnetopause determined from the Shue et al. (1998) model, but the timing of the LCDS compression onset closely aligns with the magnetopause compression. Therefore, the outer boundary of the outer radiation belt, demonstrated by both the magnetopause model and the LCDS, moved significantly inward at approximately 4:00 and remained compressed for several hours before beginning to recover.
4 RESULTS
4.1 Radiation belt fluxes
Figure 2 shows the combined flux data from all 18 GPS satellites on 14 May 2019 for relativistic electron populations at energies ranging from 0.8–4 MeV. These data are binned over 30 min and 0.2 L, with the mean value taken when multiple data points fall within a given time and L-shell bins, with different subplots corresponding to different energies in the relativistic range. White bins indicate time/L-shell bins that did not contain any data. The Shue et al. (1998) magnetopause model is overlaid in black (unit RE) on each subplot and corresponds to the right y-axis. We observe that the dropout event affected a broad range of relativistic electron populations and hereon focus our analysis on the 4 MeV electron population.
[image: Visualization illustrating combined flux observations of relativistic electron populations across six panels labeled a) to f). Each panel shows color-coded data over time from May 13 to May 15, indicating flux intensity on the y-axis, denoted as electron flux (cm² s⁻¹ MeV⁻¹) and L-shell (L) position. A black line within each graph depicts the magnetopause distance (Rₑ). The gradation from blue to purple indicates varying flux levels.]FIGURE 2 | Combined GPS satellite observations of the 0.8, 1.0, 1.6, 2.0, 3.0, and 4.0 MeV electron fluxes, compiled from 18 satellites, spanning from noon on May 13 to the end of 14 May 2019, with the Shue et al. (1998) magnetopause model overlaid in black. The magnetopause model corresponds to the righ y-axis. On each subplot, there are three color bars illustrating the different stages of the event, with the start and end times of the event stages estimated to 1-h precision. Blue represents the pre-dropout stage, the orange color bar represents the dropout itself, and the green color bar represents the post-dropout (recovery) period. Note that the colour scale varies between subplots. (a) 0.8 MeV population, (b) 0.1 MeV population, (c) 1.6 MeV population, (d) 2.0 MeV population, (e) 3.0 MeV population, (f) 4.0 MeV population.Figure 2 spans the time period from noon May 13 until the end of 15 May 2019 to contextualise the dropout event with respect to the pre-dropout conditions and recovery phase. There are steady fluxes for the afternoon of May 13 and early morning of May 14, with comparatively minor temporal variations in the 4 MeV electron population. These fluxes are greatest between ∼4.5–6 L-shell and peak at L∼5. An abrupt dropout then occurs at approximately 4:00, corresponding to the time of strong inward compression of the magnetopause and beginning of the inward motion of the LCDS. The electron fluxes at L-shell >6 are strongly depleted at this time, with either extremely low (<∼100 cm−2sec−1sr−1MeV−1) fluxes or the absence of electron flux observations (demonstrated by the white boxes). The electron fluxes at 4≤L≤6 decrease by approximately two orders of magnitude after 4:00, from approximately 102 cm−2sec−1sr−1MeV−1 to 100 cm−2sec−1sr−1MeV−1. The dropout persists for several hours and then begins to recover at L-shell ≤6 at approximately 8:00. The magnitude of the electron fluxes returns approximately to the pre-dropout value, but with the strongest fluxes now located at L-shell <5. The electron fluxes at L-shell >6 remain strongly depleted for the remainder of the day. The different phases of the dropout event are illustrated by the colored bars at the top of each subplot with 1-h precision: blue corresponds to the pre-dropout conditions, orange highlights when the dropout itself occurred, and green corresponds to the recovery period.
To more thoroughly evaluate the spatial and temporal evolution of the radiation belt dynamics during the dropout itself, we examine the observations of single GPS satellites during the dropout. Figure 3 shows the 4 MeV flux data as a function of time and L-shell from selected satellites (ns67, ns72, ns65, and ns64 respectively) during this event. The color scale shows the magnitude of the electron flux, and each subplot uses the same color bars to enable direct comparison of the electron fluxes observed by each satellite. GPS satellites are distributed along four orbital planes, and therefore sample different L-shell at different times; we selected representative examples of satellites on different orbital planes to show in Figure 3. While instrumentation limitations of the GPS satellites means that a quantitative comparison of the flux data from different satellites is not always meaningful, the different orbital trajectories of these satellites allows us to qualitatively evaluate the outer radiation belt fluxes at different phases of the dropout event and the timing of the dynamics with respect to the magnetopause location. Please note that Figure 3 shows the flux observations by individual satellites over a shorter, 12 h time frame than Figure 2.
[image: Graphs showing 4.0 MeV electron fluxes during a dropout event across four panels (a, b, c, d). Each graph displays electron flux variations over time with L-shell values on the y-axis and time on the x-axis. Colored dots represent different flux intensities with a gradient scale indicating intensity from dark purple to bright green. Black lines trace the flux data. All graphs have overlaid colored segments on top, marking certain time intervals. A color bar on the right correlates colors to flux values.]FIGURE 3 | Each subplot shows 4 MeV flux data from individual satellites (ns67, ns72, ns65, and ns64, respectively) over 12 h on 14 May 2019. Three color bars are shown at the top of each subplot to represent the three main phases of the dropout event, in the same way as Figure 2. (a) ns67, (b) ns72, (c) ns65, (d) ns64.The pre-dropout fluxes are shown by complete passes of ns67 (subplot a) and ns64 (subplot d), and partial passes of ns72 (subplot b) and ns65 (subplot c) prior to 4:00. The fluxes observed by each satellite are approximately temporally constant at a given L-shell until ∼4:00, at which point the strong magnetopause compression occurs. The outer radiation belt fluxes at the time of the magnetopause compression are most clearly shown by ns65, as its orbital trajectory means that this satellite is located at L∼4.8 for almost an hour around the time of the magnetopause compression. There is a steady flux decrease at L∼4.8 over this time period, and, as ns65 moves to higher L-shell from 5:00–6:00, the fluxes observed at a given L are lower than the fluxes at the same L prior to the magnetopause compression by nearly an order of magnitude. Satellite ns64 then provides observations of the outer radiation belt fluxes during the second half of the magnetopause compression: the fluxes observed by ns64 during this period are one to two orders of magnitude lower than the ns64 flux observations at a given L prior to the magnetopause compression. The radiation belt fluxes quickly recover following the expansion of the magnetopause back to its original position; ns67 shows comparable fluxes at L∼4.5 at 2:30 and 8:00, which is soon before the abrupt magnetopause compression and after the magnetopause relaxation.
These GPS flux data demonstrate that the 4 MeV electron population experienced a strong dropout that began at approximately 4:00 on 14 May 2019 and lasted for approximately 4 hours before beginning to recover around 8:00. Analysis of the radiation belt fluxes observed by individual GPS satellites distributed along different orbital planes demonstrates that the dropout onset closely corresponds to the beginning of the strong compression of the magnetopause, with the recovery of the radiation belt fluxes also corresponding to the relaxation of the magnetopause to its nominal location. This close timing correlation between the radiation belt flux dropout/recovery and the magnetopause compression/relaxation is a strong indicator that significant loss across the magnetopause occurred during this event.
Relativistic radiation belt electrons can also be lost via precipitation to the atmosphere by pitch-angle scattering driven by electromagnetic ion cyclotron (EMIC) waves (Usanova et al., 2014). EMIC-driven losses are characterised by the near-simultaneous precipitation of high energy electrons and low energy protons (Carson et al., 2013). Algorithms to detect relativistic electron precipitation (REP) signatures have been developed for the Polar Orbiting Environmental Satellites (POES) satellites (Hendry et al., 2016) and CALET instrument onboard the International Space Station (ISS) (Vidal-Luengo et al., 2024). Neither algorithm detected REP signatures during the dropout event on 14 May 2019, although we note that the CALet algorithm detected 5 REP events between 7:20 and 8:56 on this date. These precipitation signatures did not occur during the dropout itself but rather began during the recovery phase when there were more relativistic radiation belt electrons available to be precipitated at low L-shell. Visual inspection of the POES data indicated that multiple REP events may have occurred between midnight and 8:00 on May 14, which encompasses both the dropout event and a 4-h period prior to the dropout onset, although a high level of background proton precipitation resulted in non-detection of REP events by the algorithm. It is therefore possible that a combination of EMIC-driven precipitation and losses across the magnetopause occurred on 14 May 2019, despite the lack of unambiguous REP detections from either CALET or POES during the dropout event. However, the presence of possible REP events for 4 hours prior to the dropout in combination with the sudden dropout onset means that it is unlikely that precipitation was the driving loss mechanism of this dropout, while losses across the magnetopause are significantly more likely due to the close timing correlation between the magnetopause compression and the onset of the dropout.
4.2 Phase space density results
To constrain the timing of the dropout event and further evaluate the driving mechanism by which the radiation belt electrons were lost, we investigate the temporal evolution of the electron PSD. Figure 4 shows the electron PSD profiles for 18 satellites organized by their pass start times. The PSD is calculated from the GPS electron flux data combined with the TS04 geomagnetic field model and the REPAD model for the population with K=0.1REG1/2, μ=3433MeV/G. Each subplot shows the PSD profiles for a single hour on 14 May 2019, and the red profile in each subplot shows the PSD profile with the earliest start time within that hour, moving to blue or purple for later observations. Each PSD profile corresponds to the observations from a single satellite, and each dot indicates a single data point (which has time uncertainty of ± 2 min). The satellite vehicle number and start time of a given PSD profile is provided in the legend of each subplot. The horizontal bar at the top of each subplot shows the stage of the event as identified from the flux data, with blue, orange and green corresponding to the pre-dropout, dropout and recovery phases respectively.
[image: Electron PSD profiles from 18 GPS satellites on May 14, 2019. Twelve graphs, labeled a) to l), show log-scaled PSD (MeV/cm³) against L* values. Each graph represents data from different satellites with color-coded lines indicating specific pass start times.]FIGURE 4 | Electron phase space density profiles for the K=0.1REG1/2 population calculated from 18 different GPS satellite observations on the morning of the dropout event. Each subplot shows a different hour and the color of each profile corresponds to the timing of the pass, with red PSD profile corresponding to the first profile within a given hour. All times are in UTC. (a) 00:00–00:59, (b) 01:00–01:59, (c) 02:00–02:59 (d) 03:00–03:59, (e) 04:00–04:59, (f) 05:00–05:59 (g) 06:00–06:59, (h) 07:00–07:59, (i) 08:00–08:59, (j) 09:00–09:59, (k) 10:00–10:59, (l) 11:00–11:59.Prior to the magnetopause compression and the radiation belt dropout at ∼ 4:00, the electron PSD profiles extend to L*∼5.2−5.5 (subplots 4 a-c). The shape and spatial extent of the PSD profiles calculated from flux data obtained from different satellites are similar at a given time over this period; variation in the magnitude of the PSD between different satellites can clearly be seen but is likely due to instrumentation variations and not system-wide changes in the radiation belt environment, as Figure 2 showed a relatively constant radiation belt environment at this time. These PSD profiles peak at L*∼4.5−5.0 and have the lowest value at L*∼4. There is a slight flattening of the PSD profile between midnight and ∼ 3:30 (compare the red profile, ns58, in Figure 4a to the orange profile, ns57, in Figure 4d), indicating that radial diffusion may be acting on the population. However, both the PSD and the electron fluxes (Figure 2) show relatively little temporal variation over this time period, demonstrating that the radiation belt environment was in a relatively stable state until 4:00, which is consistent with the flux observations.
In subplot 4e, which shows the observations from 4:00–4:59, the PSD profiles exhibit a distinct change from the earlier profiles. The PSD profiles in Figure 4e show a significantly steeper gradient than those from earlier in the day, and also span a shorter L* range; the most distant data points between 4:00–4:59 are located at L*∼4.7, which is significantly further Earthward than the earlier profiles that generally extended to L*∼5.5. This demonstrates that the radiation belts have undergone a large, non-adiabatic change around 4:00 that caused by an abrupt, irreversible loss at L*≳4.7.
The steep PSD gradient persists until the pass that begins at 6:30 (orange profile, ns62, subplot 4g). These PSD profiles are characteristic of loss at the outer boundary (i.e., across the magnetopause) that suddenly and permanently removed the particles at high L*. Strong gradients in PSD profiles then enable highly effective radial diffusion (Bentley et al., 2024), which would act to rearrange the radial distribution of the PSD. The persistence of these steep profiles for several hours indicates that the loss across the magnetopause continues throughout this time period and that this loss dominates over radial diffusion to control the overall radiation belt dynamics.
The PSD profile begins to flatten after 7:00, as observed by ns59 and shown in red in subplot 4 h. The innermost four data points, observed at 7:03–7:31 show a steep gradient, consistent with the earlier PSD profiles. The outermost three data points observed by ns59 in this pass, observed at 7:35, 7:39 and 7:43, form a distinctly flatter profile, indicating that the loss across the magnetopause is no longer dominating the system and the radial diffusion has begun to flatten the PSD profile. The other passes that began between 7:00–7:59 show the same flattening of the PSD profile; the ns55 pass, for example, that is shown in purple in subplot 4 h has an extremely shallow gradient. This PSD evolution from a steep gradient to a near-flat profile is characteristic of strong radial diffusion that acts relatively quickly to completely rearrange the outer radiation belt electrons. The flat PSD profiles then persisted for several hours; Figure 4 shows these profiles until noon and Supplementary Figure S1 in the Supplementary Material shows the PSD profiles in the same format from noon until midnight on May 14th. This evolution of the PSD profiles and the near-flat PSD profiles (see Figure 4l in particular) demonstrate that radial diffusion dominated the radiation belt dynamics from ∼ 7:00 onward.
The dynamics of the PSD profiles are tightly correlated with the timing of the magnetopause and LCDS compression and relaxation, shown in Figure 1e. The PSD extends over a broad L* range with a stable configuration until approximately 4:00. The time of the change in the PSD profiles (from peaking at mid-L* and extending to high L*, to a sharp gradient that is truncated in L*) corresponds to the time of the magnetopause compression and onset of the flux losses (Figure 2). As discussed earlier, we can not eliminate EMIC driven precipitation as a loss mechanism during this event, but the PSD profiles do not indicate that precipitation was a significant loss mechanism during this dropout event. Therefore, based on the temporal evolution of the PSD profiles combined with the close timing correlation to the magnetopause and LCDS location, we identify magnetopause shadowing as the dominant loss mechanism during this event.
Figure 5 shows the PSD data in selected L* ranges over the 12 h period during which the dropout occurred in comparison to the LCDS computed with K=0.14REG1/2. We evaluate the temporal evolution of the PSD in specific L* ranges with respect to the LCDS, which is calculated in adiabatic space (as a function of L*), and calculate how long it takes for the population to be eliminated following the LCDS compression at a given L*, which we define as the dropout timescale. This enables a more direct comparison between the temporal evolution of the PSD and the radiation belt outer boundary than with a magnetopause model, which is in units of physical distance and not adiabatic space. Each subplot shows the PSD in a different L* range; subplot 5a) shows the PSD at L* between the ranges of 4.8–4.9, subplot 5b shows PSD at L* from 4.5 to 4.6, and in subplot 5c corresponds to PSD at L* between 4.2–4.3.
[image: Line graph titled "Electron GPS PSD at L* ranges" with three panels: a) green, b) magenta, c) blue dots, showing Phase Space Density (PSD) over time on May 14. Each panel includes a black line for LCDS (L*), colorful bands, and vertical lines in red and yellow. PSD is measured in (C/MeV/cm)^3 on a logarithmic scale, and LCDS (L*) ranges from 0 to 10. Panels illustrate variations in PSD with different colored data points and lines.]FIGURE 5 | Temporal evolution of the electron PSD in different L* ranges (left axis) in comparison to the LCDS calculated with K=0.14 REG1/2 (black, right axis), with shaded regions highlighting the L* range that is shown in each subplot. Three vertical lines mark key points in the PSD evolution. The red line (located at 3:55) marks the beginning of the LCDS compression. The orange line in subplot a marks the last data point for the upper L* range (4:25), and the gold line in subplot b marks the last data point for the mid L* range (6:01). (a) 4.8 ≤ L* < 4.9. (b) 4.5 ≤ L* < 4.6. (c) 4.2 ≤ L* < 4.3.Figure 5a shows that the PSD values at 4.8≤L*<4.9 gradually decrease for the 4 hours prior to the dropout, which is also visible in the outermost portions of the PSD profiles in Figures 4a–c. This behaviour, along with the temporal evolution of the PSD profiles, is consistent with radial diffusion non-adiabatically transporting particles inward and therefore decreasing the population at higher L*. The LCDS is located at L*∼7.5 between 1:00–4:00, after which it begins to gradually move inward. The peak LCDS value before this compression was L*∼8.2 and occurred at time 3:55. There are only two PSD data points at 4.8≤L*<4.9 after the LCDS compression begins, demonstrating that the population at most distant L* are lost quickly after this point. The second and final PSD datapoint at 4.8≤L*<4.9 following the LCDS compression occurred at 4:25. Therefore, the entire electron population at 4.8≤L*<4.9 was eliminated in 30 min, as determined from the time between the final PSD datapoint in this L* range and the time of the peak LCDS value prior to the compression.
The PSD at 4.5≤L*<4.6, shown in Figure 5b, demonstrates a different temporal evolution. A similar gradual decrease in the PSD magnitude from midnight to approximately 4:00 can also be seen between 4.5≤L*<4.6, although with significantly more variation in the magnitude of the PSD than at 4.8≤L*<4.9. This population has PSD data points in the 4.5≤L*<4.6 range until ∼ 6:00, until the LCDS has compressed to approximately L*∼5.5. We note that the data density following the LCDS compression was significantly lower than beforehand, going from 18 data points between 2:00–4:00 to 6 data points between 4:00–6:00; this decrease in data density combined with the PSD profiles in 4days - g demonstrate that there was a depletion in the mid-L* flux before 6:00 but not total elimination. The final PSD datapoint at 4.5≤L*<4.6 following the LCDS compression (but before the recovery that began after 8:00) occurred at 6:01. Based on the time offset between the initiation of the LCDS compression (3:55) and the final PSD datapoint in this L* range (6:01), the electron population at 4.5≤L*<4.6 was eliminated in 126 min; slower than the loss at more distant L*, which is consistent with magnetopause compression driving the dropout event.
By contrast, the PSD at the innermost L* range (Figure 5c) does not show any depletion during the dropout event. In fact, the PSD between 4.2≤L<4.3 has a gradual increase over the 12 h period shown in Figure 5, although we note that the PSD magnitude varies over this time period. This indicates that the innermost portion of the belt was relatively unaffected, which is again consistent with magnetopause compression driving the dropout as this loss mechanism would act faster and more effectively on particles that are nearest to the magnetopause.
These results show that the PSD loss heavily depended on both L* and time. The most distant PSD was lost very quickly after the beginning of the inward compression of the LCDS, while the PSD in the mid-L* range was not eliminated until the LCDS moved more significantly inward and the innermost PSD was unaffected by the compression of the LCDS. These results are again the most consistent with magnetopause shadowing as the dominant loss mechanism that acted to eliminate radiation belt particles at decreasing L* as outer boundary of the radiation belt was compressed further inward. The most rapid loss occurred at the highest L*, with the population at 4.8≤L*<4.9 being eliminated in only 30 min following the beginning of the LCDS compression.
5 CONCLUSION
A strong radiation belt dropout occurred on 14 May 2019, during a moderate geomagnetic storm. This affected all electron populations >0.8 MeV, although we focused on the 4 MeV population for our analysis. The 4 MeV electron flux loss observed by the GPS constellation was rapid and closely corresponded to a strong magnetopause incursion, which occurred during a brief period of strongly southward IMF. The electron fluxes remained depleted for several hours and did not begin to recover until the IMF rotated northward and the magnetopause returned to its nominal location. The fluxes at L<5 rapidly recovered to levels close to or greater than the pre-dropout fluxes when the magnetopause returned to its initial location, but the fluxes at more distant L-shell remained significantly depleted. Furthermore, the electron PSD profiles underwent a dramatic change in the shape of the profile and the extent of the profile in L* at the time of the magnetopause incursion. The PSD profiles were truncated in L* and developed a steep gradient at the time of the magnetopause incursion, which is consistent with strong loss due to magnetopause shadowing. The timing of the dropout is L*-dependent; the PSD at distant L* were eliminated within half an hour while the population at mid-L* took 2 hours to be entirely eliminated but experienced significant depletion soon after the LCDS compression began.
Sub-hour radiation belt dropouts are exceptionally rapid. Radiation belt dropouts are widely recognised as occurring on timescales of a few hours (Turner and Ukhorskiy, 2020, and references within), and dropouts on timescales of ≤2 hours are generally understood to be very fast, such as those discussed in Morley et al. (2010), Mourenas et al. (2016). The fastest dropout previously reported occurred on 21 March 2017, which may have occurred in as little as 10 min Kurita et al. (2018). We note however that Kurita et al. (2018) determined the 10-min loss timescale by inferring that the dropout began at the same time that EMIC waves were observed by ground based magnetometers; in-situ electron flux data from multi-constellation observations could only constrain this dropout to ≲1.5 hours. Loss timescales on the order of 0.5−2 hours were identified from in-situ data during dropouts that occurred during intense geomagnetic storms by Olifer et al. (2018), which also used the GPS constellation. The event reported in this study is one of only a small number of sub-hour dropout events that have been identified and is therefore among the fastest dropout events reported in the literature. This evaluation of exceptionally rapid, system-wide losses from the radiation belts was enabled through the GPS constellation, which provides observations of the radiation belts with extremely high data density, highlighting the value of constellations with many satellites to evaluate fast, system wide dynamics in the radiation belts.
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