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Abstract The Van Allen Probes (VAPs) are the only modern National Aeronautics and Space
Administration (NASA) spacecraft broadcasting real-time data on the Earth’s radiation belts for space
weather operations. Since 2012, the Korea Astronomy and Space Science Institute (KASI) has contributed to
the receipt of these data via a 7 m satellite-tracking antenna and used these beacon data for space weather
operations. An approximately 15 min period is required from measurement to acquisition of Level-1 data.
In this paper, we demonstrate the use of VAP data for monitoring space weather conditions at geostationary
orbit (GEO) by highlighting the Saint Patrick’s Day storm of 2015. During that storm, Probe-A observed a
significant increase in the relativistic electron flux at 3 Rg. Those electrons diffused outward resulting in a large
increase of the electron flux >2 MeV at GEO, which potentially threatened satellite operations. Based on
this study, we conclude that the combination of VAP data and National Oceanic and Atmospheric
Administration-Geostationary Operational Environmental Satellite (NOAA-GOES) data can provide improved
space environment information to geostationary satellite operators. In addition, the findings obtained
indicate that more data-receiving sites would be necessary and data connections improved if this or a similar
system were to be used as an operational data service.

1. Introduction

As modern society is increasingly technologically dependent, space weather monitoring and forecasting are
also growing in importance (Baker, Kanekal, et al., 2004; Jonas & McCarron, 2015; Lanzerotti, 2004;
Svalgaard, 2013). National Aeronautics and Space Administration (NASA)'s twin Van Allen Probe (VAP) space-
craft broadcast space weather data from an orbit covering altitudes ranging from 600 to 30,000 km within the
region containing the radiation belts (Baker et al., 2013). A radiation belt is a torus of energetic charged par-
ticles trapped in the Earth’s magnetic field (Friedel et al., 2002). The Earth’s ring current, which results in geo-
magnetic storms when intensified, manifests in the same region (Chen et al., 2006; Ukhorskiy et al., 2010).
Therefore, in the context of space weather, the VAPs are constantly monitoring some of the most important
regions in space (Morley et al., 2010; Reeves, 2007).

The presence of high-energy charged particles in the Earth’s radiation belts is thought to be one of the main
causes of performance degradation in solar panels, temporary problems with telecommunication and posi-
tioning systems, and malfunctions of onboard satellite computing systems (Choi et al., 2011; Horne et al,
2013; Lohmeyer et al,, 2015; Lanzerotti & Baker, 2017; Wrenn, 1995). Rapid solar wind changes influence current
systems in the magnetosphere that in turn alter the magnetic field at the Earth’s surface and disturb the iono-
sphere, sometimes causing communication disturbances, power grid interruptions, and Global Positioning
System errors (Aarons, 1991; Spogli et al,, 2009). According to data from the Combined Radiation Release
and Effects Satellite, the Solar Anomalous and Magnetospheric Particle Explorer, Polar, and Time History of
Events and Macroscale Interactions during Substorms missions, the plasma environment in the inner magneto-
sphere experiences extremely dynamic changes within only a few hours (Baker, Daly, et al., 2004; Blake et al.,
1992; Green & Kivelson, 2004; Hwang et al., 2013; Li et al.,, 2001; Reeves et al., 1998). The rapid changes have
been difficult to monitor in real time, however. Because the focus of these missions is scientific and the data
were not available in near real time, these spacecraft could not be used for space weather forecasts and alerts.
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Figure 1. Satellite tracking antenna constructed at KASI for receipt of VAP space weather data.

In contrast, when building the VAPs NASA included the provision to broadcast space weather data in near
real time, again demonstrating the value of applying a satellite intended for scientific observation missions
to space weather operations as was done with the Advanced Composition Explorer (ACE) mission (Kirby &
Stratton, 2013; Zanetti et al., 2014). The probes launched on 30 August 2012 orbit Earth once every 9 h
and broadcast space weather data to Earth over a 21.5 h period, excluding the 2.5 h when they broadcast
the full scientific data set (Kessel et al., 2013). Currently, four countries—South Korea, the Czech Repubilic,
Brazil, and Argentina—routinely receive space weather data from the VAPs. Further, the Johns Hopkins
University Applied Physics Laboratory (JHU/APL) provides Level-1 data products to space weather customers.
In 2011, the Korea Astronomy and Space Science Institute (KASI) concluded a letter of agreement for science
cooperation with NASA. Subsequently, KASI constructed a satellite receiver antenna with a diameter of 7 m
(Figure 1), with which it has been receiving data from the probes for space weather monitoring. It is the
efforts of KASI that is the subject of this report.

To protect the safety of its geostationary orbit (GEO) satellites, KASI uses data from the Geostationary
Operational Environmental Satellite (GOES) system, provided by the National Oceanic and Atmospheric
Administration (NOAA), to discern the space environment around the satellites. The NOAA-GOES satellites
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Figure 2. Antenna angles for tracking VAP-A. When the elevation angle (shown in red) is greater than 10°, the antenna tar-
gets the VAP spacecraft to receive space weather data.

monitor conditions at GEO, and the data are delivered quickly to space weather forecasters. Based on the past
5 years of monitoring with the VAPs, this report concludes that more effective, three-dimensional monitoring
of the space environment can be achieved by combining the NOAA-GOES data with the VAP space weather
beacon observations. Further, assimilative models, such as the Dynamic Radiation Environment Assimilation
Model (Reeves et al., 2012), Salammbé (Bourdarie & Maget, 2012), and the Versatile Electron Radiation Belt
(Subbotin & Shprits, 2009) codes for space weather prediction are more effectively run with multiple
data sources.

This report demonstrates the knowledge gained through use of VAP near-real-time beacon data for space
weather operations, which has the potential to aid the design and operation of future space weather missions
targeting a similar orbit. We discuss the receipt and processing methods for the space weather data, along
with the usage of these data for space weather monitoring at KASI. In addition, we examine changes in
the space environment at GEO using the VAP data.

2. Receipt of Near-Real-Time Space Weather Data From the VAPs

Figure 1 shows the satellite-tracking antenna installed at KASI that was designed to receive the appropriate
S-band satellite signals. The antenna targets the satellite location according to predetermined orbit informa-
tion. Figure 2 plots the directional changes of the antenna required to receive data from satellite-A. KASI has
determined that tracking one probe is sufficient and is optimal for efficient antenna operation. The satellites
have an inclination angle of 10.2° in Daejeon, South Korea, where the KASI antenna is installed (latitude: 36.4°,
longitude: 127.4°), the elevation angle is less than 45°. Thus, the antenna tracks the spacecraft without data
loss when the elevation angle is sufficiently large (more than 10°). Figure 2 shows a time span of 4 days, three
of which featured optimum conditions for data reception when the satellite remained at a relatively high ele-
vation angle (greater than 30°) for individual periods of approximately 6.5 h. The elevation angle was occa-
sionally less than 10° or remained above 10° only a short time, as for the contact interval on 12 May
(Figure 2). In such cases, data loss occurs. Generally, in South Korea, the antenna receives space weather data
approximately 20% of the time. The data are transmitted to the ground via S-band using 8 W solid-state
power amplifier transmitters (Kirby et al., 2013).

Figure 3 illustrates the method by which the real-time data are received and processed. At KASI, raw data are
received directly from the probes via the local antenna. The data are stored in a recording device within KASI
and simultaneously sent to JHU/APL in real time. To ensure security, these data are encrypted through secure
shell tunneling between KASI and JHU/APL. At JHU/APL, the raw data are automatically converted to Level-1
data in the space weather data server, which removes unactionable data and reorganizes the packets in time
order. Real-time processing of the most current data, that is, that received within the previous 24 h, is per-
formed every 10 min. A separate process runs twice daily to reprocess the telemetry of the previous 2 days.
Multithreading, in parallel, intakes the data from each instrument. Most of the code written in Perl, Interactive
Data Language, and C is in-house software, whereas some code has been provided by instrument teams (e.g.,
Energetic Particle Composition and Thermal Plasma Suite (ECT)). Newly created common data format (CDF)
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Figure 3. Diagram showing data flow from VAPs to JHU/APL. Near-real-time space weather data are converted to Level-1
data and distributed to the global space weather community.

files are delivered to external sites and made available to the public via the Radiation Belt Storm Probes
(RBSP) Science Gateway (http://rbspgway.jhuapl.edu/). A period of approximately 15 min is required for
the following process: The VAPs observe the environmental conditions and send the data to JHU/APL;
JHU/APL preprocesses the data and sends them in the form of Level-1 data in a CDF file to users. At KASI,
Level-1 files in CDF format are converted into text files, which are used as basic data for near-real-time
monitoring of the space environment. As the CDF format constitutes compressed text data, a small file size
is obtained; thus, programs such as Autoplot (http://autoplotorg) can be used for easy visual
representation of the data. However, for practical handling of observations from the VAPs for the purposes
of space weather operations, data in text format are deemed more useful than that in CDF file format, at
least at KASI.

During the process of converting a CDF file into a text file, error values have been removed and the informa-
tion of satellite location is added as may be necessary. For example, for Magnetic Electron lon Spectrometer
(MagEIS) data, the CDF file contains timestamps and particle data and does not contain satellite location data.
Therefore, Electric and Magnetic Field Instrument and Integrated Science (EMFISIS) data, which do contain
satellite location data, are referenced and matched with MagEIS data based on timestamps. In addition,
the data sometimes contain consecutive identical values or nonphysical values; these duplicate or outlier
values are eliminated, and the data are rearranged to allow real-time display based on the current
satellite location.

Figure 4a shows the space weather data volume received from VAP-A from the period January 2013 (when
KASI first began receiving VAP data) to May 2017. As the data volume over the course of 1 day (the right y
axis) is proportional to the time at which the space weather data are received (the left y axis), the y axes
can be used to indicate both data volume and time (see Figure 4a). The satellite receiver antenna operated
by KASI maintains contact with the satellite for more than 6.5 h at a time; however, the contact period can
span more than 1 day and so the data plotted in units of days may appear uneven. Because daily changes
in reception status apply to all four VAP receiving stations (in South Korea, the Czech Republic, Brazil, and
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Figure 4. (a) Daily sizes of VAP-A space weather data from January 2013 to May 2016. The daily size depends on the time
coverage for the space weather data. (b) Expected average contact time per day (%) between VAP spacecraft and one
or more ground stations distributed worldwide, plus minimum angle between Earth-Sun line and line of apsides (deg)
shown in Kessel et al. (2013).

Argentina), the scatter plot presents data volume in units of days, as shown in Figure 4a. In addition, as data
loss occasionally occurs, and as unactionable data are eliminated during the Level-1 data conversion process,
the data volume converted to Level-1 data varies daily. Further, because the VAPs do not transmit space
weather data for 2.5 h of every 24 h period (in order to send science data), the maximum duration for which
space weather data can be received is 21.5 h. Overall, up to 85% of the total data can be received at the four
different sites; thus, the maximum reception duration has been calculated to be 18.2 h (Kessel et al., 2013).
Note that the maximum reception time shown in Figure 4a has a similar value.

The two radio frequency antenna beams from the VAPs are aligned with the spacecraft spin and antispin axes
perpendicular to the plane of the solar panel pointing toward the Sun. When the spacecraft-Earth line is per-
pendicular to the Sun-Earth line (parallel to the spin axis), the antenna patterns are not appropriately aligned
with the Earth, which means that the space weather data cannot be received on the Earth’s surface during
those times (Kessel et al., 2013). Thus, the reception ratio was expected to vary from 80% to 50% over a period
of approximately 300 days, as shown in Figure 4b (Stratton et al., 2013). However, Figure 4a does not show
this variation in reception ratio. It seems that, contrary to expectations, the radio waves remain sufficiently
strong that beacon signals can be received even when the beam is almost perpendicular to the Earth. The
approximately 100 days worth of data missing from March 2014 onward was due to a problem with the net-
work system. Effective links with the data processing systems between KASI and JHU/APL are an important
component of our space weather operations, especially with regard to the utilization of the space
weather data.

3. Application of VAP Space Weather Data

Space weather plots created by KASI can be viewed on the following website: http://sos.kasi.re.kr/center/
monitor_rbsp.php. Figure 5 shows an example of the space weather display showing data obtained by
VAP-A. Data from 2 days previously, 1 day previously, and the present day are shown in purple, blue, and
red, respectively. While JHU/APL provides real-time space weather plots with a time sequence (http://
rbspgway.jhuapl.edu/rPlotTime?sw), KASI adds to that set with intuitive plots that depict the data with
respect to distance from the Earth. Space weather forecasters can easily identify the current space
environment. The KASI website also provides the means to download the equivalent text format data via
the file transfer protocol.

The VAPs are equipped with five different investigations that facilitate more than 20 types of space weather
observation, including data on electrons, ions, electric and magnetic fields, and the spacecraft electric
potential. A detailed description of the data is available in Kessel et al. (2013). The 12 types of data thought
to be particularly relevant for space weather monitoring are shown in Figure 5, with the corresponding details
listed in Table 1. While the clear connections between space environment and satellite malfunction have not
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Figure 5. Sample VAP space weather data display from 18 March 2015. These panels show some of the VAP data versus distance from the Earth’s surface (x axis) for
the previous 3 days. The red, blue, and purple lines display VAP data on the present day, 1 day previously, and 2 days previously, respectively.

revealed, statistical analysis implies that the internal/external spacecraft charging caused by wide energy
particles could be the main source of satellite anomalies (Baker et al, 1987; Fennell et al., 2000;
Sarno-Smith et al,, 2016; Thomsen et al., 2013). A recent study reports GEO satellites experience the more
hostile space weather conditions in the midnight to dawn section after geomagnetic storms (Choi et al.,
2011) and support the connection between spacecraft charging and anomalies.

The VAPs have a spin stabilization attitude control system, and the time variation of the real-time rotational-
direction magnetic field data renders recognition of geomagnetic field disturbance difficult. Thus, we display
total and spin-axis-direction magnetic field data in Figure 5. The changes of the geomagnetic field due to

Table 1

Details of VAP Space Weather Data Types Shown in Figure 5

Space weather data

Instrument

Description

Total magnetic field
Spin axis magnetic field
Potential

Electron (32.7 keV)
Electron (129 keV)
Electron (580 keV)
Electron (1,040 keV)
Electron and proton

Electron and proton
lon (50 keV)

lon (100 keV)
lon (150 keV)

EMFISIS/Magnetometer (MAG)

EMFISIS/MAG

Electric Field and Waves (EFW)

ECT/MagkIS

ECT/MagkEIS

ECT/MagkEIS

ECT/MagkEIS

ECT/Relativistic Electron Proton
Telescope (REPT)

ECT/REPT

Radiation Belt Storm Probes lon
Composition Experiment (RBSPICE)

RBSPICE

RBSPICE

Magnitude of three-vector magnetic field
Satellite spin-axis-directional magnetic field

Spacecraft potential measured by EFW

26-40 keV Electron flux

113-145 keV Electron flux

514-646 keV Electron flux

969-1121 keV Electron flux

Count rate: 1—2 MeV electrons and
>20 MeV protons

Count rate: 4—5 MeV electrons and
>50 MeV protons

Energetic proton count rate

Energetic proton count rate
Energetic proton count rate
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Figure 6. Radiation belt particle variation caused by Saint Patrick Day’s Storm on 17 March 2015. The red, blue, and purple lines display the VAP data on the present
day, 1 day previously, and 2 days previously, respectively.

solar wind variation appear more clearly at the apogee point than near the Earth. Because the orbit and atti-
tude of the satellite do not change considerably over a 3 day period, examination of the magnetic field data
measured over 3 days is an effective indicator of the degree of disturbance in the current magnetic field.
Because the field near the Earth does not uniform, it is apparent that the magnetic field data in the spin-
axis-direction varies greatly each orbit. Note the spacecraft potential varies greatly during a geomagnetic
storm. We also monitor electron and ion fluxes over a broad energy range as an important space weather fac-
tor. In this study, we chose six energy ranges for the electrons: 31.5, 143.5, and 593 keV and 1, 1—2, and
4—5 MeV and three energy ranges for the ions: 50, 100, and 150 keV. These particle data also show dramatic
changes during the storm under study; however, it has not yet been possible to determine which energies
are most effective for monitoring space weather risks. Further study is necessary to identify the connection
between these inner magnetosphere space weather factors and apparent spacecraft malfunctions.

Figure 6 shows an example of the dramatic changes in the Earth’s radiation belts during a storm that are evi-
dent in the VAP space weather beacon data. On 15 March 2015, at 02:00 UT, a coronal mass ejection (CME)
from the Sun was observed. Solar wind data from the Advanced Composition Explorer (ACE) satellite indicate
that the CME reached the vicinity of the Earth approximately 2 days later, on 17 March at 03:00 UT. Just as the
CME reached the Earth, there was a disruption in the planet’s magnetic field, causing the Kp index to increase
significantly to a value of 8 at approximately 12:00 UT. This disruption in the Earth’s magnetic field lasted until
19 March and is referred to as the “Saint Patrick’s Day Storm.” This event and its consequences have been stu-
died extensively, because it is the strongest in Solar Cycle 24 (Astafyeva et al.,, 2015; Kamide & Kusano, 2015;
Morley et al., 2016; Pierrard & Lopez Rosson, 2016). In this study, the primary focus is on the viability of using
real-time data from within the radiation belts to gain actionable space weather nowcasting and forecasting
information during a strong geomagnetic storm.

On 17 March, a relatively small volume of near-real-time space weather observation data was received com-
pared to other days (indicated in red in the top row of Figure 6). This day has a similar profile as the previous
day. There was an increase in the electron flux (143.5 keV) at 2—4.5 Rz on 18 March. The 1—2 MeV electron flux
throughout the entire outer region of the radiation belt showed dramatic changes in the two orbits passing
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through. In the first pass on 18 March, labeled “1” in Figure 6, VAP-A observed an electron flux decrease for
which only 2% of the maximum electron flux at 3.5 R remained, with the rest being relocated elsewhere. This
was likely due to the Dst effect combined with magnetopause shadowing, which can move electrons out-
ward and cause electron loss through the magnetopause (Kim et al., 2010). In addition, other nonadiabatic
processes such as outward radial diffusion (Shprits et al., 2006) and precipitation into the atmosphere by
wave-particle interaction (Horne et al., 2009; Kremser et al., 1986; Thorne & Kennel, 1971) can act as major loss
processes. The probable loss mechanism is beyond the scope of this study; however, the study does demon-
strate that with VAP space weather beacon observations, rapid global-scale electron loss processes in the
radiation belt can be effectively monitored.

In the next pass (labeled “2" in Figure 6), which occurred approximately 5 h later, a significant increase in elec-
tron flux was observed at approximately 3.2 Rg. For electron fluxes with low-energy levels (143.5 keV), the dis-
tributions remained at a high level for the entire 3 day duration in near geosynchronous orbit (>5 Rg). For
electron fluxes with energies greater than 1 MeV, the distributions decreased and then increased on 18
and 19 March. A possible reason for this behavior is that the inflow electrons may have been accelerated
by a wave-particle interaction associated with whistler mode chorus waves, by a factor of 31 or greater
compared to the time at which the storm occurred (Horne et al., 2005; Li et al., 2014; Summers et al., 2007;
Thorne et al., 2013). This hypothesis has been confirmed using VAP science observations, which indicated
strong chorus waves in the 3.5 R region.

While the one-dimensional graphs shown in Figures 5 and 6 are effective for professional forecasters that
monitor space weather, space weather data should also be displayed so that information is effectively con-
veyed to space weather end users. Accordingly, we developed software displaying VAP data in a three-
dimensional space (Figure 7). The VAP orbit is generally close to Earth’s magnetic equator, and only the flux
of particles distributed near the Earth’s equator is observed. However, charged particles bounce along the
Earth’s magnetic field, having been caught in the field; thus, particle distributions at other latitudes can also
be determined from the flux in the Earth’s equatorial plane. The particle flux can be reasonably calculated for
a three-dimensional space. When the particle distribution (jo) within the Earth’s equatorial plane is given, the
omnidirectional particle fluxes (J;) distributed along the line of magnetic force can be estimated by integrat-
ing over the equatorial pitch angles (ap) that can reach the magnetic latitude 4, following Hess (1968). Thus,

sin~’ (\/ﬁ) (1 — sinag)

jo(ao) sinaodao,

1-— (B//BO) sinog

By

J =4
n'BOO

where By and B, are the field intensities at the equator and /, respectively. The Tsyganenko T02 model is used
to obtain the magnetic field values (Tsyganenko, 2002).

When creating three-dimensional particle flux plots, we assume that the equatorial particle flux has a pitch
angle distribution corresponding to a sine function peaking at 90°. In addition, we impose the assumption
that the VAP particle data do not differ significantly from the equatorial flux, while the probes sample an
approximately 40° (+20°) range of magnetic latitudes (Morley et al., 2016). These two assumptions potentially
yield errors in the high-latitude region; however, this visualization tool is developed for users such as satellite
operators rather than being for scientific research. As a proof of concept and initial deployment of useful,
actionable space weather products, these errors are considered insignificant and the focus is on the intuitive
representation of space weather information for users.

Figure 7 shows a representation of near-real-time data (1,040 keV electrons) from VAP-A in a three-
dimensional space mapped onto the Tsyganenko magnetic field. With a simple mouse operation, users
can switch between the side (Figure 7 top) and top (Figure 7 bottom) views. An animation showing the
changes in the radiation belts over the past 2 days ago is also available. Using our system, users can quickly,
and perhaps automatically, determine the extent to which a geostationary satellite may be affected by
changes in the radiation belts. The location of Korean GEO satellites, NOAA-GOES, and the VAPs are displayed
on the radiation belt map. Users can easily customize the map and add the location of other operational satel-
lites. The 3-D visualization tool is available for space weather users under the condition of noncommercial
use. The software will be provided as an execution file operating on Windows system; it currently assumes
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Figure 7. Three-dimensional visualization of VAP space weather data for 1—2 MeV electrons. With simple mouse move-
ments, the radiation belt view direction can be changed.

that the user’s computer is connected to KASI's data server on the Internet to download the current space
weather data in the appropriate formats.

4. Comparison of VAPs and NOAA-GOES Data

Figure 8 plots the location of each satellite (GOES-13 and VAP-A), projected on the equatorial plane with 1 h
intervals (indicated by circle), for 16-20 March, the period when the Saint Patrick’s Day event occurred. VAP-A
is in a geotransfer orbit, with a period of about 9 h, while GOES-13 is in a GEO, with a period of 24 h. Because
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Figure 8. Spacecraft positions at 1 h intervals (GOES-13 (blue) and VAP-A (red)).

the apogee of VAP-A is ~30,000 km in a near-equatorial elliptical orbit, particle distributions at geostationary
satellites that orbit Earth, such as GOES-13 (36,000 km), can be estimated by combining the extrapolation
method and past geostationary satellite particle data.

Figure 9 compares space weather data from VAP-A and GOES-13 (> 2 MeV electrons) during the Saint
Patrick’s Day event. The VAP-A data are differential flux data where the electron flux was measured for each
of the energy levels, while the GOES-13 data are integral flux data where the electron flux data were inte-
grated up to a reference energy level. Near-real-time MagEIS data from VAP-A were used to align the obser-
vation energy bands of the two satellites. Electron energy spectra from six MagEIS energy channels ranging
from 31.5 to 1077 keV were fit to an exponential function. Integral fluxes were calculated from the resulting
function by integrating data points with energy levels greater than 2 MeV. VAP-A data are shown with circles,
while GOES-13 data are shown with squares where the error bars show the standard deviation of the NOAA-
GOES data for the period of VAP measurements on each day. The fluxes for different days are color coded.

On 17 March, GOES-13 measured an electron flux near 12.0 (/cm?/s/sr). After 1 day (18 March), this flux had
increased by 79 times, and after 2 days (19 March), it had increased by 1,203 times. Examination of the data
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Figure 9. VAP-A and GOES-13 beacon data for Saint Patrick Day’s event.
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from 16 to 17 March indicates that the flux decreased slightly before beginning to rise rapidly on 18 March.
Note that, if we were to consider the GEO data (GOES > 2 Mev) alone, it would be difficult to infer exactly
what had occurred.

Meanwhile, the electron flux observed by VAP-A decreased overall at all locations on 17 March relative to 16
March. Further, note that the decrease was greater with greater distance from the Earth. As a result, the elec-
tron flux at GOES-13 decreased on 16 March relative to 17 March. This reduction in electron flux may have
resulted from loss due to electron precipitation, or it may have been due to relativistic electron dropout
caused by a magnetopause shadowing effect. In addition, it may have been caused by an adiabatic response
to the changing magnetic field during the storm period (Kim & Chan, 1997). A detailed discussion of the dri-
vers behind this electron loss is beyond the scope of this paper.

On 18 March, the Saint Patrick’s Day event was in its recovery phase. On that day, VAP-A observed a rapid
increase in the number of electrons with energies greater than 2 MeV, in the region between 2.5 and
3.5 Re. Furthermore, on 19 and 20 March, VAP-A observed that the electron flux was gradually increasing
in the exterior region of the radiation belts. This can be interpreted as electron motion from the interior to
the exterior of the radiation belts due to outward radial diffusion from the newly accelerated populations
by wave-particle interactions. GOES-13 also recorded an increase in electron flux starting from 18 March. If
the rapid increase in electron flux in the interior of the radiation belt on 18 March had not been discovered,
it would have been difficult to predict the changes in electron flux at GEO after 18 March. By observing the
electron flux in the interior of the radiation belts, however, changes in particle distribution in the GEO can
easily be inferred. Therefore, it is our conclusion that space weather data—similar to that available from
the VAPs—are important for predicting particle changes at GEO.

5. Conclusions

This study has demonstrated the feasibility of using VAP beacon data for space weather operations. When a
space weather event occurs, space weather users in Korea receive radio blackout (R), solar radiation storm (S),
and geomagnetic storm (G) information scaled by NOAA through a social network service or through the
broader media. In many cases, the users contact space weather forecasters to query predictions regarding
the related behavior in space. Before the VAP satellites were launched, only limited near-real-time informa-
tion on the structure of the radiation belts could be obtained from space. KASI does not run a model predict-
ing particle flux in GEO orbit with VAP data; however, forecasters include information of the near-real-time
radiation belt variation in the text message that is delivered to the satellite operators.

A period of approximately 15 min is required from the time of observation at the spacecraft to generation
and distribution of the final space weather data. Using these space weather data, the current status of the
radiation belts can be promptly determined. On its website, KASI displays 12 different plots featuring VAP
space weather data as a function of distance from the Earth. By combining VAP and NOAA-GOES magnetic
field data, the radiation and magnetic field changes in the Earth’s magnetosphere can be easily understood.
This information is useful for satellite operators, for example, by those controlling satellite attitude with a
magnetic torquer. Further, the spacecraft potential can indirectly indicate low-energy plasma condition
around the satellite. Above all, because particle fluxes at GEO are affected by the radiation belts inside these
orbits, particle changes at the GEO can be forecast from particle changes measured by the VAPs.

The VAPs are the first satellites to provide near-real-time information specifically from the Earth’s radiation
belts. Typically, data from the NOAA-GOES geostationary satellites are used to aid in the monitoring of
changes in the radiation belts. As these spacecraft observe electron fluxes from a fixed radial distance, they
have limited applicability for detecting changes in the radiation belts and for providing space weather data to
users. The analysis of the Saint Patrick’s Day event based on VAP and NOAA-GOES data has shown that rela-
tivistic electrons of the radiation belts are first accelerated in the 3—4 R region and that electron fluxes then
increase at GEO. In this study only one event is discussed; however, many such events have been recorded in
the operational VAP space weather data. Many previous studies have concluded that electrons are acceler-
ated at distance of 3—4 R and then diffuse outward to GEO (Baker et al., 1998; Jaynes et al., 2015; Miyoshi
et al, 2003). The findings of this study indicate that simultaneous use of VAP space weather data and
NOAA-GOES data provides space weather forecasters with significantly more useful information on the space
environment than with previous techniques.
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