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Abstract we present multi-spacecraft observations of the proton fluxes spanning from 1.5 to 433 MeV
for the largest solar proton event of solar cycle 24, i.e., September 7 and 10, 2017. In September 2017,
MS5.5 flare on September 4, X9.3 flare on September 6 and X8.2 flare on September 10 gave rise to solar
proton event when observed by near-Earth spacecrafts. On September 7 and September 10, 2017, a strong
enhancement in the proton intensities was observed by Advanced Composition Explorer (ACE) and
WIND at L1 and Van Allen Probes, GOES-15 and POES-19 in the Earth's inner magnetosphere. Below
geosynchronous orbit, Van Allen Probes and POES-19 show that no significant proton flux was observed
with energies <25 MeV on September 4, while the fluxes peaked 3 to 7-times during September 7 and

by ~25 times during the third proton flux event on September 10, 2017. Van Allen Probe-A observation
shows that the closest distance that solar proton fluxes could approach the Earth is L~4.4 for 102.6 MeV
energies on 10” September 2017, while lower energy protons i.e., 25 MeV are observed deep up to L~3.4
on 11" September 2017. POES-19 observations show that there is no particular magnetic local time
(MLT) dependence of the solar proton flux and is symmetric everywhere at high and low latitudes. The
measurements from multiple spacecrafts located in the different regions of the Earth's magnetosphere
show that the increased level of solar proton flux population persisted for ~2 days. Thus, we quantify the
temporal flux variability in terms of L-value, energy and MLT.

Plain Language Summary During a solar energetic particle (SEP) event, energetic electrons
and ions flood the heliosphere causing severe damage to satellites, radio communication and humans

in space. The Earth's magnetic field controls the dynamics of these particles to near-Earth space. One
such unique event was observed in September 2017 for which the energy spectra and quantification of
the proton fluxes spanning from 1.5 to 433 MeV using multi-satellite observations is studied. This was

the largest proton event of the solar cycle 24 with three M-class and four X-class flares were observed by
near-Earth spacecrafts. Proton fluxes were quantified at different locations like L1 point, geostationary
orbit, inner magnetosphere, and low altitudes. The extent of flux enhancements, its access into the Earth's
magnetosphere, MLT dependence and time to reach maximum fluxes are computed and compared before
and after the SEPs arrived. We show that the multiple spacecraft observations are the key tool to quantify
the temporal flux variability in terms of L-value, energy and MLT.

1. Introduction

It is widely accepted that there are two classes of solar energetic particle (SEP) events: (a) Impulsive SEP
events, which are connected with a large solar flare (Miller, 1997) and (b) Gradual SEP events, which are
responsible for diffusive shock acceleration associated with fast coronal mass ejections (CMEs) (Cane
et al., 1991; Yan et al., 2006). CMEs are energetic ejections of coronal material weighing up to ~10'" g and
speeds often exceeding 2,000 km/s into the heliosphere (see, e.g., Gopalswamy et al., 2016). Thus, CMEs
and flares are two manifestations of the same magnetic energy release process when solar magnetic recon-
nection occurs (Wang et al., 1996; Zhang et al., 2001). Both CMEs and flares result in particle acceleration
in the heliosphere that constitute an SEP event at the Earth. However, which process dominates the parti-
cle acceleration is still not clear (Li et al., 2009; Le et al., 2012; Qin & Shalchi, 2009). The early September
2017 solar proton events followed by a geomagnetic storm were well-studied using space and ground-based
instruments (e.g., Gopalswamy et al., 2018; Sharykin & Kosovichev, 2018; Sun & Norton, 2017; Warren
et al., 2018). The extreme solar activity during the first half of September 2017 is related to the Active Re-
gion NOAA 12673, which rapidly developed on 4"-5" September when near central meridian (e.g., Sun &
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Table 1 Norton, 2017) and rotated over the west limb on 10" September. Table 1
List of Solar Flares (>M5 Class) Originated From Active Region 12673 enlists several bright eruptions that were registered by GOES-15 satellite
During September 2017 during 4-10™ September 2017 with M-class and X-class flares (ftp://ftp.
Date Flare (Class) Flare (Peak time) ~ Halo CME swpc.noaa.gov/pub/warehouse/). Solar proton event alerts are issued by
September 4 R - e the National 'Oc'eanlc and At.mospherlc Admlmst.ratlon (NOAA) Space
Weather Prediction Center. It is based on >10 MeV integral fluxes that are
EEpie X22 09:10 No reported on a 5 min cadence after the fluxes have remained above a set
September 6 X9.3 12:02 Yes level for three consecutive 5 min averages. Data in the bold text indicates
September 7 M7.3 10:15 No the three major solar flares (https://cdaw.gsfc.nasa.gov/CME_list/sepe/)
September 7 X1.3 14:36 No that were associated with fast CMEs and resulted into SEP events at Earth
September 8 MS.1 07:49 No (Bruno et al., 2019). During three major SEP events partizcle intensity in
the E > 10 MeV proton channel exceeds 10 particles/cm~-s-sr. For each
September 10 X8.2 16:06 Yes

Note. Data in bold text indicates the three solar energetic particle events
registered at Earth by GOES-15 satellite. During these three events
the proton fluxes are >10 pfu (1 pfu = 1 particle/cm>-s-sr) for energies

>10 MeV.

event, the flare class, peak time (UT) are shown, based on the Geostation-
ary Operational Environmental Satellites-15 (GOES-15) X-ray archive
(ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/
solar-flares/x-rays/goes/ along with the projected angular width of the
associated CME ((https://cdaw.gsfc.nasa.gov/CME_list/).

A relatively high intensity (>100 MeV) proton fluxes were observed dur-

ing September 10-14, 2017 causing a huge solar proton event that can ad-
versely affect the sensors on-board spacecrafts and pose radiation hazards to the astronauts in space (Koons
& Fennell, 2006; Moldwin, 2008; Snyder, 1967). The peak of three major flares that resulted into solar proton
events at Earth were observed on 4” September at 20:33 UT, 6™ September at 12:02 UT and 10" September,
2017 at 16:06 UT. A first, small SEP event with peak proton flux of 210 pfu is observed on September 4, 2017
at 19:20 UT https://www.ngdc.noaa.gov/stp/satellite/goes/doc/SPE.txt that originated from the moderately
intense flare (M5.5). The peak time of a SEP event is the time when the integral flux of the >10 MeV pro-
tons reaches the peak value. The coordinated data analysis workshops (CDAW; https://cdaw.gsfc.nasa.gov/
CME_list/) catalog of the Large Angle and Spectrometric Coronagraph (LASCO) onboard the Solar and
Heliospheric Observatory (SOHO) indicates an erupted halo CME on the same day. The subsequent SEP
event was associated with the X9.3 class flare, the largest flare in more than 10 yr (since December 2006)
and the most intense in cycle 24. The flare peaked on September 6 at 12:02 UT with a halo CME and peak
proton fluxes of 844 pfu on September 7, 2017 at 23:25 UT. Lastly, a third large SEP event occurred with the
peak proton flux of 1,490 pfu on September 11,2017 at 11:40 UT. It originated from another exceptional flare
with X8.2 class peaking on September 10, 2017. This is the second largest soft X-ray flare of cycle 24 and was
linked with a fast asymmetric halo CME in the CDAWcatalog.

Recently, O'Brien et al. (2018) studied >60 MeV protons using the Relativistic Electron-Proton Telescope
(REPT) instrument on-board Van Allen Probes to analyze the particle access to higher altitudes and its
dependence on energy and direction. They showed that compared to cutoff models, low-altitude proton
measurements are far superior for near real-time monitoring of the geomagnetic cutoff. Moreover, Bru-
no et al. (2019) provide an assessment of SEP spectral shape in the entire range of energies from few hun-
dreds of keV to a few GeV and explain the role of diffusive shock acceleration and other important external
influences related to interplanetary transport and magnetic connectivity for the observed spectral break.
However, they did not quantify the energy, L-value, and magnetic local tiime (MLT) that gets affected in
response to the variability on the Sun. In this article, we make a quantitative approach of the proton flux
measurements in the near-Earth region using multi-point observation. Such quantitative studies are very
helpful in designing of the sensor threshold, damaging which could degrade the instrument and underes-
timate the incoming particle flux making it unusable for scientific studies. Quantitative analysis of proton
fluxes is becoming more and more important as it is directly linked with solar activity. The objective of our
study is to quantify the energetic protons access in the different regions in the Earth's magnetosphere using
multi-satellite observations. We record the proton flux quantity, arrival time near the Earth, extent of pen-
etration and its peak value into the Earth's magnetosphere by observing the major solar flare that occurred
during September 4-10, 2017. As the spacecraft like ACE, WIND, Van Allen Probes, GOES-15, and POES-19
are located in the different regions of the Earth's magnetosphere, we could simultaneously scan the spa-
tial and temporal characteristics of the radiation belt protons, at different energies. Quantitative analysis
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Figure 1. X-Y Plane view of the motion of (a) Van Allen Probe-A, Van Allen Probe-B, and GOES-15 satellites around the Earth in Geographic Solar-Magnetic
(GSM) coordinates during September 2017. Blue, green, and red color give the trajectories of Van Allen Probe-A, Van Allen Probe-B, and GOES-15 satellites. (b)
Orbit of MetOp-2 (blue), MetOp-1 (green), POES-15 (red), POES-18 (magenta), and POES-19 (Cyan). (c) Position ACE (red) and WIND (blue). The dashed black
lines indicate the location of spacecrafts during the onset of first, second and third solar proton events observed at the Earth. Note: not to scale size of the Earth

in panels (b, c).

provides the information in advancing intervals from time to time as multiple satellites lie into the different
regions of the Earth's magnetosphere. The article is organized in the following manner: spacecraft data and
September 2017 event are introduced in Section 2; in Section 3, we analyze various spectral solar proton
flux measurements, the Phase Space Density (PSD) profiles and MLT dependence to identify the access and
peak values of the proton flux during the event. Section 4 discusses the analyzed spectra and summary from
our studies.

2. Satellite Data

Energetic particle flux measurements from mainly three different spacecrafts analyzed these events. These
group of satellites include two Van Allen Probes (Probe-A, Probe-B) and POES-19. Here, we check the
observations from all POES satellites like MetOP-1, MetOP-2, POES-15, POES-18, and POES-19 (but ar-
bitrarily choose to show only POES-19 observations as an example) before concluding our results. Here,
the observations are primarily reported by Advanced Composition Explorer (ACE), WIND, and GOES-15
spacecrafts. ACE and WIND measurement give the proton flux at Earth's L1 point, while Van Allen Probes
and GOES-15 satellites provide proton distribution in the near-equatorial inner magnetosphere, while high
energy precipitating protons at low altitude are measured using POES-19 spacecraft. Figure 1a gives the X-Y
projection of Van Allen Probe-A (blue), Van Allen Probe-B (green), and GOES-15 (red) satellites; Figure 1b
gives the orbit of all the POES satellites i.e., MeyOp-2 (blue), MetOp-1 (green), POES-15 (red), POES-18
(magenta), and POES-19 (Cyan) that revolves at an altitude of ~800 km; Figure 1c gives the position ACE
(red) and WIND (blue) satellites that are located at the L1 point during September 2017. The location of
each spacecraft during the onset of first, second and third solar proton events are marked by 1,2, and 3. The
location of ACE and WIND is in the halo orbit and hence, we do not mark its position in panel (c).

Launched in August 2012, the Van Allen Probes (formerly known as the Radiation Belt Storm Probes)
mission includes two identical observatories flying in highly elliptical orbits around the Earth with 1.1 x
5.8 R, and inclination 10° (Baker et al., 2012; Mauk et al., 2012). Van Allen Probe-A and Van Allen Probe-B
flies through different parts of the radiation belts at the same time, the data returned from the instruments
can be combined to provide information about how the environment changes in both space and time (Kir-
by et al., 2012). Each Van Allen Probes observatory carries four suites, of which we have used Energetic
Particle, Composition, and Thermal Plasma Suite-REPT (Stratton et al., 2012). REPT comprises of eight
energy channels of proton flux covering the energy range from 20 to >100 MeV (Stratton et al., 2012). The
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NOAA manages a constellation of geostationary and polar-orbiting spacecrafts. The NOAA GOES mission
consists of a number of geosynchronous orbit satellites, of which we are particularly interested in the satel-
lite that measures solar particle flux. Each GOES 13-15 satellite carries a pair of particle flux detectors, one
looking eastward and one looking westward. However, the orientation of GOES-13 particle flux detector is
fixed, while GOES-15 undergoes a yaw-flip twice a year at the equinoxes. Thus, it is possible for GOES-15
to relate the east-west effects of the particle flux with the eastward and westward looking detectors (Rod-
riguez et al., 2014). GOES-15 was launched in March 2010 and replaced GOES-11 in December 2011. For
the present study, we use Energetic Proton, Electron, and Alpha Detectors (EPEADs) onboard GOES-15
satellite, as it provides 1 min resolution data of proton fluxes at seven energy channels in the range of our
interest (i.e., 0.74-900 MeV; GOES, 2010). Contrary to geosynchronous measurements, the low-altitude
measurements are made using NOAA POES mission that consists of a number of polar-orbiting satellites
operating simultaneously with good coverage over a broad range of MLT and L-value ~2-8 every ~100 min.
As a polar-orbiting sun synchronous satellites at an altitude of ~800 km with a ~98.5 inclination, the POES
satellites carry a newer and modified SEM (Space Environment Monitor) called SEM-2 instrument package
that includes various particle detectors. MetOp (Meteorological Operational Satellite Program of Europe) is
Europe's first polar-orbiting (LEO) satellite that carries NOAA-provided instrument package SEM-2. In the
present studies, 2 s resolution omni-directional proton differential flux at three different energy channels
(25, 50, and 100 MeV) are analyzed using Medium Energy Proton and Electron Detector onboard EUMET-
SAT's MetOp-1, MetOp-2 and POES-15, POES-18 and POES-19 satellite (Evans & Greer, 2000; Green, 2013).
The data is available under https://satdat.ngdc.noaa.gov/sem/poes/data/. The differential fluxes at 25, 50,
and 100 MeV are derived from a piecewise spectral fit of the four original omni, integral sensor outputs
covering the range from 16 to 250 MeV (Machol, 2012; Redmon et al., 2015)

ACE was launched into halo orbit at Earth's first Lagrangian (L1) point on August 25, 1997. Of numerous in-
struments on-board ACE spacecraft, we use electron, proton, and alpha monitor (EPAM; Gold et al., 1998)
that is specifically designed to measure ions (E > 40 keV) from five separate solid-state detector telescopes
oriented to give nearly 4z angular coverage. ACE-EPAM comprises of low energy magnetic spectrometer
LEMS30 and LEMS120 sensors pointing at 30° and 120°, respectively, from the Sunward-pointing spin axis,
which measures the ion flux from 46 keV to 4.8 MeV with 5 min resolution (Zwickl et al., 1998; http://
www.srl.caltech.edu/). A spin-stabilized WIND spacecraft was launched at the same location as the ACE
spacecraft to give the measurements of solar wind before it interacts with the Earth's geomagnetic field.
WIND Energetic Particles: Acceleration, Composition consists of various telescope systems of which we
used ELectron-Isotope TElescope system that comprises of two Alpha-Proton-Electron telescopes that
measure the proton flux with 92 s resolution in the range 19-28 MeV/n and 28-72 MeV/n (Von Rosenvinge
et al., 1995).

3. Observations and Analysis

Figures 2a-2d show the proton flux measured in the halo orbit at L1 point, while panel (e) represents
Sym-H, during August 25 to September 30, 2017. The black dashed vertical lines (1, 2, and 3) correspond
to the onset time of enhancement in the proton intensities during three major flares (Bold text in Table 1).
The pink-dotted vertical lines indicate the three interplanetary shocks that passed by during this interval.
Sym-H index represents the intensity of the magnetic storm (panel e) and is obtained from NASA's CDAWeb
(http://cdaweb.gsfc.nasa.gov/). It is derived using 1 min values from a different set of stations than those
used for the derivation of Dst (they are not simply 1 min versions of the Dst index; Iyemori & Rao, 1996).
Energetic proton accelerated by the flare travel out from the Sun and cross the geomagnetic field lines when
directed toward the Earth. (Birch et al., 2005) showed that the equatorward displacement of the invariant
latitude of the cutoff in proton flux was found to be strongly correlated with the magnetic storm indices
(Sym-H). The first shock is indicated by a minor geomagnetic storm (panel e) at 23:43 UT on September 6.
It was driven by CME observed by SOHO/LASCO on September 4 and associated with the first SEP event. A
subsequent shock observed at 23:00 UT on September 7 (based on the storm sudden commencement time)
was associated with the CME observed by SOHO/LASCO on September 6 at 12:24 UT that was also associat-
ed with the second SEP event. Lastly, the third shock was associated with September 10 SEP event. Since we
focus to study the Earth-directed SEPs due to major flares, we analyze the proton events marked with 1, 2,
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Figure 2. The proton flux measurements from LEMS 30 and LEMS 120 instruments on-board ACE (panels (a, b)) and WIND-EPAM observations in the energy
range 19-28 MeV/n and 28-72 MeV/n (panels (c, d)) are shown for the period from August 25 to September 30, 2017. Panel (e) represents Sym-H. Three dashed
vertical lines correspond to the onset time of enhancements in the proton intensities during three major flares.

and 3. The vertical lines at 1, 2, and 3 indicate the onset time of the proton fluxes on September 4 at around
22:00 UT, around 12:25 UT on September 6 and around 16:05 UT on September 10, respectively. Panels
(a, b) show a clear two peaked proton fluxes in the energy range of 1.88-4.70 MeV measured by LEMS 30
and LEMS 120 instruments onboard ACE. In both LEMS sensors, the proton fluxes enhanced from ~107'/
cm?-s-sr-MeV (on September 4) to 10*/cm?-s-sr-MeV (on September 10) and continued to be high till Sep-
tember 15, 2017. A continuous injection of <5 MeV protons were observed for nearly 12 days. Panels (c, d)
represent the WIND-EPAM observations of proton fluxes in the higher band of energies i.e., 19-28 MeV/n
and 28-72 MeV/n, respectively. A sharp increase of the order of about three is observed from September 4 to
September 10, 2017 on both the telescopes, while observed data gap in panels (c and d) are due to sensor sat-
uration. Before the first solar flare event on September 4, 2017, the proton fluxes were ~ 10~%/cm?>-s-sr-MeV
and ~ 10/cm?-s-sr-MeV in the energy band of 19-28 MeV/n and 28-72 MeV/n, respectively. The detailed
quantification of proton fluxes for each event is given in Tables 2-4. Table 2 gives the overview of the proton
fluxes during the first solar proton flux event, that were observed by various satellites in the different band
of energies, L-value and MLT. The corresponding start time (Ti), peak time (Tp) and end time (Te) of the
proton fluxes are shown along with its corresponding flux values during start time (Fi), peak time (Fp) and
end time (Fe). Similarly, Tables 3 and 4 gives the information of the proton flux change during second and
third solar proton events, respectively.

The temporal variation of the particle measurements observed by ACE and WIND necessitates the inves-
tigation of proton flux dynamics recorded by various space-borne measurements present in the Earth's
magnetosphere. Hence, we obtain the Energy-Time (E-T) spectrogram of proton flux measured by mul-
tiple spacecrafts in the wide range of energies during September 4-15, 2017. Figures 3a and 3b give the
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;‘"Zl:l;faile Gives the Overview of the Proton Fluxes During the First Solar Proton Event That Occurred on September 4, 2017

Spacecraft Energy (MeV) L-value  MLT (hh:mm) Ti Fi Tp Fp Te Fe FplFi

ACE 1.88-4.70 (LEMS-30) L1 point ~12:00 2017/09/04  0.01201  2017/09/06 ~ 392.1  2017/09/06 281.6 3.26e +
21:18 01:06 07:30 04

ACE 1.88-4.70 (LEMS-120) L1 point ~12:00 2017/09/04  0.03077 2017/09/05 552.3  2017/09/06  204.5 1.79e +
2118 19:36 07:30 04

‘WIND 19-28 L1 point ~12:00 2017/09/04 0.002585 2017/09/05 2.251  2017/09/06 0.1489 870.79
21:48 17:42 6:42

Van Allen Probe - B 21.25 5.3 11:35 2017/09/05 1.2048 2017/09/05 1.9503 2017/09/05 1.3360 1.6188
18:49 19:33 20:58

GOES-15 30.6 6.6 07:57 2017/09/04  0.04599  2017/09/05 1.403  2017/09/06 0.1905 30.5
22:40 07:24 10:24

Note. Various satellites in the different bands of energies, L-value and MLT. The corresponding start time (Ti), peak time (Tp), and end time (Te) of the proton
fluxes are shown along with its corresponding flux enhancement during start time (Fi), peak time (Fp), and end time (Fe). The quantifying ratio of the peak
proton flux to initial proton flux is given for each observation made by spacecraft. During the first solar proton flux event, Van Allen Probe-A and POES-19
satellites do not record any significant change in fluxes and are hence not listed in the table.

spin-averaged proton flux measured by Van Allen Probe-A and Van Allen Probe-B, panel (c) POES-19 pro-
ton flux in 25, 50, and 100 MeV (d) proton flux from the westward-viewing EPEAD onboard GOES-15;
seven energy channels (P1-P7) spanning the nominal range 2.5-433 MeV energy channels. Panels (e, f, g)
show the corresponding solar wind parameters like solar wind velocity (Vsw), dynamics pressure (Psw)
and IMF Bz, respectively. To know about the interplanetary characteristics of the space weather events,
the solar wind plasma and IMFs were obtained from the NASA's CDAweb. The lowest panel of Figure 3
gives the Sym-H index with the minimum of —146 nT at 0107 UT on September 8, 2017. The pink-dashed
vertical lines are same as the black dashed lines in Figure 2. Panels (a-d) show no major proton fluxes over
20 MeV during the first solar proton event i.e., on September 4, 2017. Contrarily, on September 7, 2017, a
slight increase in proton flux was observed by Van Allen Probe-A and Van Allen Probe-B (panels (a, b)) in
the energy range of 21.25-27.6 MeV and continued for ~24 h in both the probes. Further, a much stronger

Table 3

This Table Is Same As Table 2 That Gives the Information of the Proton Flux Changes but During Second Solar Proton Event That Occurred on September 7, 2017

Spacecraft Energy (MeV) L-value  MLT (hh:mm) Ti Fi Tp Fp Te Fe FplFi

ACE 1.88-4.70 (LEMS-30) L1 point ~12:00 2017/09/06 279.6 2017/09/06 3,437 2017/09/07 659.9  12.2926
08:12 .

23:30 AL

ACE 1.88-4.70 (LEMS-120) L1 point ~12:00 2017/09/06 ~ 204.5  2017/09/06 2,375  2017/09/06 1570  11.6137
05:42 23:12 22

WIND 19-28 L1 point ~12:00 2017/09/06  0.1431 2017/09/07  3.623  2017/09/07 3.8036 25.3180
10:18 01:18 05:54

Van Allen Probe - A 21.25 5.5 13:23 2017/09/07 1.0704 2017/09/07 7.7965 2017/09/07 1.3360  7.2837
01:58 03:56 04:36

Van Allen Probe - B 21.25 5.6 12:10 2017/09/07 1.1171 2017/09/08 7.9651 2017/09/07 1.3744 7.1301
07:41 07:30 04:42

GOES-15 30.6 6.6 14:39 2017/09/06  0.1314  2017/09/07  2.047  2017/09/07 1.175 8.9422
11:12 04:18 18:54

POES-19 25 4.8 14:47 2017/09/06  0.5835 2017/09/07 3.24 2017/09/07 1.063 5.5527
13:08 03:42 06:22
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Table 4
This Table Is Same As Table 2 That Gives the Information of the Proton Flux Changes but During Third Solar Proton Event That Occurred on September 10, 2017
Spacecraft Energy (MeV) L-value  MLT (hh:mm) Ti Fi Tp Fp Te Fe FplFi
ACE 1.88-4.70 (LEMS-30) L1 point ~12:00 2017/09/10 11.48 2017/09/11 827 2017/09/12 114 72.03
17:06 12:06 21:24
ACE 1.88-4.70 L1 point ~12:00 2017/09/10 13.39 2017/09/11 763.5 2017/09/12 191 57.02
(LEMS-120) 17:24 15:12 15:48
‘WIND 19-28 L1 point ~12:00 - - 2017/09/11 48.23 2017/09/13  2.385 -
12:36 02:30
Van Allen Probe - A 21.25 3.2 10:45 2017/09/10  1.1145 2017/09/11 24.4906 2017/09/13 1.0970 21.9745
17:54 14:12 01:00
Van Allen Probe - B 21.25 5.6 03:58 2017/09/10  1.1306  2017/09/11 25.7632 2017/09/13 2.4502 22.7871
17:48 11:36 01:30
GOES-15 30.6 6.6 22:68 2017/09/10  0.03641 2017/09/10 36.13 2017/09/12  5.148  992.3098
17:24 18:42 13:06
POES-19 25 4.8 03:27 2017/09/10 1.524 2017/09/10 25.77 2017/09/14 1.89 16.90
17:54 21:48 12:36

Note. The blank columns corresponding to the WIND observations (Ti and Fi) refers to the time where a data gap is observed (see Figure 2).

enhancement of proton flux in the energy range of 21.25-102.6 MeV was observed by Probe-A and B on
September 10, 2017. Similar enhancements were also evident in POES-19 (panel c) and GOES-15 (panel d)
present at different locations in the wide range of energies.

To quantify the flux enhancement at different L-values, we represent the spin averaged differential proton
flux in terms of L-value versus time (L-T) spectra from September 4-15, 2017. Figure 4 shows the proton
fluxes measured by Van Allen Probe-A (al-a3), Probe-B (b1-b3), and POES-19 (c1-c3) satellite for three
different band of energies i.e., ~25 MeV (left), ~50 MeV (center) and ~100 MeV (right). The pink dashed
vertical lines are same as in Figure 3, while Figure 4e represents the Sym-H component (same as Figure 3h).
Panels (al, bl) show that on September 4, there was no observable proton flux intensification for L > 2.5 and
remained as low as 10™'-107%/cm?-s-sr-MeV. However, on September 7, at L ~5 and E = 21.25 MeV the pro-
ton flux observed by Van Allen Probe-A and B were ~1-3/cm?-s-sr-MeV that enhanced to ~10/cm?-s-sr-MeV
on September 10 and diminished on September 14, 2017. Panel (c1) refers to the POES-19 proton fluxes in
the lowest band of energies i.e., 25 MeV. A slight proton flux enhancements are observed during September
4-6 with a strong enhancements on September 7, 2017. The proton flux values in the L ~1-20 is about 5/
cm?-s-sr-MeV with even stronger enhancements during third solar proton event i.e., on 10" September. The
integral flux across all the L-values rises to ~20/ cm?-s-sr-MeV, which is about five times the flux observed on
7" September. Similar tendencies were observed at higher energies for all the spacecrafts as shown in Figure
(a2-c2 and a3-c3). However, the higher energy (~50 MeV and ~100 MeV) fluxes appeared only during third
solar proton event for all the spacecrafts.

3.1. Accessibility in the Earth's Magnetosphere

To know the extent of proton flux accessibility in the Earth's inner magnetosphere, the PSD is calculated.
To calculate relativistic electron PSD, a method based on the studies of Chen et al. (2005) and Turner and
Li (2008) is employed. The differential proton flux (j), at a given energy (E) and time () is converted to PSD
(f), using the following equation:

. 3
~3325x108—JE) ¢
! Y EE + 2mped) | MeVeem @
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Figure 3. The Energy-Time (E-T) spectrogram of proton flux measured by (a) Van Allen Probe-A and (b) Van Allen Probe-B in the energy range of 20—
200 MeV for September 4-15, 2017. Panels (c, d) proton fluxes measured by POES-19 and GOES-15 Satellites, respectively. Panels (e, f, g) give the solar wind
parameters like Vsw, Psw, and IMF Bz. The lowest panel (h) gives the Sym-H index with Sym-H minimum.

where j is the proton flux in particles/cm?-sr-s-keV, E is the proton’s kinetic energy in MeV, moc2 is the elec-
tron rest mass in MeV, and the numerical factor converts to the units shown in brackets.

The observation of proton flux at L1-point (using ACE and WIND satellite) and geosynchronous orbit
(GOES) gives information of the quantity of incoming flux and its peak time for >6.6 R ;. The spacecrafts
like ACE, WIND, and GOES-15 do not record proton fluxes into and out of the Earth's inner magnetosphere,
hence we utilize observations made by only Van Allen Probes. To know the access of proton flux in the
near-Earth region (<4 R;), the observations from Van Allen Probes are analyzed, while MLT dependence is
analyzed using POES-19 Satellite shown in Figure 6. Figure 5 shows the PSD profile as a function of L-Shell.
The proton flux measurements from Probe-A and B are shown in two distinct sections of Figure 5, left and
right, respectively. Each separate panel corresponds to one orbit of Van Allen Probes. The outbound and
inbound passages of the Probes are indicated by dotted and solid lines, respectively. Proton PSD at different
energies are represented by colored scale. The top three panels on each side (i.e., al-a3 and b1-b3) show
the interval of the first solar proton flux event. During this event, only the inner belt protons are observed
upto L ~2.5 with empty outer belt. The proton fluxes do not appear beyond L > 2.5 even on September 5-6,
2017 and hence not shown in the figure. However, during second solar proton event on 7" September 2017
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Figure 4. L-value versus Time (L-T) spectra obtained for differential proton flux from September 4-15, 2017 is shown for 3 different band of energies; ~25 MeV
(left), ~50 MeV (center) and ~100 MeV (right). The proton fluxes measured by Van Allen Probe-A (panels al-a3), Probe-B (panels bl1-b3), and POES-19 (panels
c1-c3). The lowest panel (d) represents Sym-H, while the pink dashed vertical lines represent the time of enhancements in the proton intensity during three

different flares.
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Figure 5. Phase Space Density (PSD) of protons measured by Van Allen Probe A (left-section) and B (right-section) is shown as a function of different L-values.
Each color code represents the proton energy, available under the REPT instrument. Dotted and solid lines represent the outbound and inbound Passages,
respectively. Top three set of panels in both spacecraft (al-a3, b1-b3) show the interval of first solar proton flux i.e., 4™ September 2017. Panels a4-a6 and b4-b6
represent the duration of second solar proton event (i.e., 7" September 2017) while, panels a7-a9 and b7-b9 represent the duration of third solar proton event
(i.e., 10" September 2017). Panels a10-a15 and b10-b15 show the duration after solar proton fluxes are injected.

(panels a4-a6, b4-b6), the energetic protons appear on higher L-shells. The fluxes as close as L ~3.5 are
observed on September 7 from probe-A (panel a6).

Proton fluxes diminish on 8" September (not shown). However, they reappear at higher L-shells (L > 3) on
10™ September during third solar proton event in both the Probes. Probe-B was located at right place to re-
cord the initial proton access into the Earth's inner magnetosphere (panel b8), while Probe-A records it later
in time. A very high energy proton flux is observed across all the energies ranging from 21.25 to 102.6 MeV.
The proton flux continues to be at high even the following day (i.e., on 11" September 2017) that diminishes
lately on September 11-12, 2017 in the different band of energies. During last two solar proton flux events,
the proton flux accessibility is observed quiet deep into the Earth's inner magnetosphere. During third so-
lar proton event i.e., on 10™ September 2017, the protons with 21.25 MeV were observed up to L~3.6 from
Probe-A (panel a9), while it is observed as close as L~3.4 using Probe-B (panel b10).

3.2. MLT Dependence

To identify the MLT dependence of the proton fluxes in the Earth's inner magnetosphere during the proton
flux event, the satellite must revisit and trace the same orbital path in a very short interval of time. This is
difficult to achieve with geostationary satellites like GOES-15 (having the orbital time of ~24 h) or highly
elliptically orbiting Van Allen Probes (having the orbital period of ~9 h). However, this study is possible us-
ing LEO satellites like POES-19 that quickly spans across different MLTs making it possible to know its time
of peak flux. The proton flux from POES-19 spacecraft as a function of L-value at different times is shown
in Figure 6. Three separate sections (i.e., panels a—f, g-1, m-r) correspond to three different energies 25, 50,
and 100 MeV, respectively. The color code represents different MLT sectors. Overall, at any given period
of time, the proton flux reduces as the energy increases across all the MLTs and L-values. POES-19 proton
fluxes during second solar proton flux on 7 September was ~5/cm?-s-sr-MeV and diminished on 8sh and
9th. Peak proton fluxes were observed at L~7, on 10tk September 04:54 MLT (i.e., in the dawn sector). The
similar results are checked using other POES satellites like Metop-1 and Metop-2, POES-15 and POES-18
and taken all its energy channels into account (not shown). The proton fluxes as high as ~35/cm?-s-s--MeV
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Figure 6. Proton flux measured by POES-19 spacecraft as a function of L-value for (a-f) 25 MeV, (g-1) 50 MeV, (m-r) 100 MeV is shown. The color code
represents the MLT sectors covered by POES-19. Each panel represents the duration of one day.

were observed at 25 MeV with a simultaneous peak in 50 and 100 MeV energies. Peak proton fluxes per-
sisted for about 2 days with no particular dependence and constant flux values across all the MLT sectors.

4. Discussion and Summary

An exceptional interval of solar activity with the large number of bright eruptions, including four X-class
flares were observed between September 4 and 15, 2017 during the late declining phase of solar cycle 24 (see
Table 1). A solar proton event was detected during 4" September that originated from the M5.5 class flare
and ejected a CME. On the other hand, two strongest flares with X9.3 and X8.2 intensities are observed on
6™ September and 10™ September 2017, respectively. Both the solar proton flux events, measured by near-
Earth spacecraft, are linked with the fast CMEs. The present study quantifies proton flux enhancement dur-
ing the strongest solar proton event since December 2006. Tables 2-4 refer to the quantitative assessment of
three major solar proton fluxes measured by various satellites in the different L-values and different bands
of energies. The first column in Table 2 refers to the satellite that made the observation of proton flux chang-
es during September 4, 2017. The energy channel, L-value and MLT that recorded the first flux enhance-
ments are shown in column 2, 3 and 4, respectively. The corresponding start time (Ti), peak time (Tp) and
end time (Te) of the proton fluxes is shown along with its corresponding flux enhancement during start time
(Fi), peak time (Fp), and end time (Fe). To quantify the extent of enhancement during each energy the ratio
of the peak proton flux (Fp) to initial proton flux (Fi) are calculated in the last column for each observation
made by spacecraft. During the first solar proton flux event, Van Allen Probe-A and POES-19 satellites do
not record any significant enhancement in fluxes and is hence not listed in Table 2. The calculated ratio of
the proton flux indicates a significant change in the proton fluxes at and beyond the geosynchronous orbit.
However, only a small (less than double) flux enhancement is observed beyond L = 5 on September 5, 2017
using Van Allen Probe-B. Similarly, Tables 3 and 4 give the proton fluxes that are observed during Septem-
ber 7 and September 10, 2017, respectively. The data gap observed in Table 4 corresponds to the data gap
observed by the WIND spacecraft on September 10, 2017. Multiple satellite observations from Tables 3 and 4
show that the proton fluxes increase by the factor of three or more from second to third solar proton flux
event. To obtain the overall idea of the flux change over a wide range of energies, we analyze the energy-flux
spectrogram for all the three events.
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Figure 7. Energy flux versus energy range during three solar proton events using multiple satellites is shown. Panels (al-a2) show the first proton flux event
that occurred during September 4, 2017. Black, Blue, and Red curve indicate the fluxes during start time, end time, and peak time, respectively. On September
4, proton flux enhancements were observed in the inner magnetosphere by GOES-15 and Van Allen Probe-B. Similarly, panels (b1-b4) show the second proton
flux event that occurred during September 7, 2017 and observed by GOES-15, POES-19, Van Allen Probe-A and Van Allen Probe-B, respectively. Panels (c1-c4)
are same as panels (b1-b4) except for the third proton flux event that occurred during September 10, 2017.

Figure 7 shows the energy flux versus energy range for the three proton flux events that occurred during
September 2017. We study the spectral hardening in the Earth's inner magnetosphere by using proton fluxes
that are recorded in the large energy band by using various spacecraft measurements at different locations
in the Earth's inner magnetosphere. Hence, we only focus on the observations made by satellites within the
Earth's inner magnetosphere and ignore the observations made by ACE and WIND satellites at L1-point.
Panels (al-a2) show the proton fluxes recorded by GOES-15 and Van Allen Probe-B during September 4,
2017. Van Allen Probe-A and POES-19 do not show any significant fluxes during this period and hence we
do not show it. Black, Blue, and Red curve indicate the fluxes during start time, end time, and peak time,
respectively. Panel (al) shows that the proton flux with the energies >10 to <50 MeV increases during its
peak interval (red) and then recovers back to its initial value during the end of the event (blue). The mag-
nitude of the change in proton flux is different at different energies. Similarly, panel (a2) shows the proton
fluxes measured by Van Allen Probe-B at 21.25 MeV. The peak flux value (red) increases by less than double
during this event. Similarly, panels (b1-b4) show the proton flux observations during September 7, 2017
using GOES-15, POES-19, Van Allen Probe-A and Van Allen Probe-B, respectively. A spectral hardening is
observed for most of the energies in all the satellites. Panel b2 represents the proton flux change observed
by POES-19 only at 25 MeV as the fluxes at higher energies like 50 MeV, 100 MeV does not appear. Similar-
ly, panels (c1-c4) show the proton fluxes during September 10, 2017 using GOES-15, POES-19, Van Allen
Probe-A and Van Allen Probe-B, respectively. It is interesting to compare the peak proton fluxes (red) using
GOES-15 observations for September 7 and September 10 (i.e., panels b1 and c1) that shows not much dif-
ference in flux enhancements below ~20 MeV, while the deviation of the order of two or more is observed
for the fluxes beyond 20 MeV. Similarly, different orders of the enhancement of fluxes are observed when
we compare peak flux observations made by various satellites shown in panels b2-c2, b3-c3, and b4-c4.

Although the particles are not magnetically trapped at such high energies, the proton gyration makes it
possible to observe its access at a given L-shell. O'Brien et al. (2018) showed that the finite gyroradius
effect, coupled with L-shell, can be used to explain most of the energy dependence at high altitude. They
observed that the deeper penetration of these energetic protons can lead to inverted spectra for certain
L-values in the inner magnetosphere. However, the process that violates the third adiabatic invariant for
trapped particles are important for populating the radiation belt. Earlier studies using IMP-8, ISEE-3 and
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ACE extensively studied solar energetic protons that are accelerated due to shock wave from the event
site (Dungey et al., 1965). Le and Han (2005) investigated the acceleration of SEP by CME-driven shock
in interplanetary space based on the SEP data from ACE and GOES satellites. They showed that the
acceleration process of SEP by the 2000 July 14 CME-driven shock ran through the whole space accel-
erating protons to >100 MeV. (Mewaldt et al., 2005) studied the period from late October through early
November 2003 during which five large SEP events occurred. Using data from instruments on the ACE,
SAMPEX, and GOES-11 spacecraft, they show that the proton fluences in the 28 October 2003 event are
comparable to the largest observed during the previous solar maximum, and within a factor of two or
three of the largest SEP events observed during the last 50 yr.

In summary, very high energy (>20 MeV) proton flux observation in the Earth's inner magnetosphere is
focused using space-borne measurements from ACE, WIND, GOES-15, Van Allen Probes, and POES-19.
Relativistic protons have extremely high energy and are those uniquely trapped particles in the Earth's mag-
netosphere which does not appear beyond L~2.5. ACE observations at L1-point distinctly mark the onset
of each solar proton event with the flux increase of the order >3 on September 4 in 1.88-4.7 MeV energy
channel. Similarly, WIND spacecraft marks the change of the order >2 in 19-28 MeV and >1 in 28-72 MeV
on September 4. During this event, Van Allen probes made a very important and crucial observations of
these most energetic radiation belt protons, deep into the inner magnetosphere. Moreover, the extent of
proton access deep into the inner magnetosphere is thoroughly investigated. For example, Van Allen Probe
observations show that there are no significant enhancement in the proton flux (double or more) beyond
L = 3 for the first solar proton event (i.e., 4" September 2017); for second solar proton event (7" September
2017), the lower energies like (21.25-35.9 MeV) are observed deep upto L~3.8-3.4, with the lowest energies
penetrated the most, while during the third solar proton event the proton flux penetrated upto L~3.4-4.4
with energies from 21.25 to 102.6 MeV. However, these fluxes diminish from the lower L-values first. The
major summary from our studies are:

1. Below geosynchronous orbit, no significant proton flux was observed with energies <25 MeV on Septem-
ber 4, while the fluxes peaked 3 to 7-times during September 7 (Table 3: Van Allen Probes and POES-19
observations). In addition, the fluxes with energies <25 MeV enhanced by ~25 times below geosynchro-
nous orbit, during the third proton flux event on September 10, 2017 (Table 4: Van Allen Probes and
POES-19 observations)

2. Van Allen Probe measurements at L = 5 and E = 21.25 MeV shows that the proton flux is ~10.5/cm>-s-sr-
MeV and it persisted for ~48 h from September 10-12, 2017 (Figure 4)

3. To study the dynamics at low-Earth Orbit, POES-19 observations are utilized to know the proton flux
dynamics during the solar proton event for 25, 50, and 100 MeV. A transient maximum flux is observed
at L~7, with the flux value 34.99/cm>-s-sr-MeV at 25 MeV energy channel at 0454 MLT, which remains
same for 50 and 100 MeV energies

4. Van Allen Probe-A observation shows that the closest distance that solar proton fluxes could approach
the Earth is L~4.4 for 102.6 MeV energies at 2010UT on 10" September 2017, while lower energy protons
i.e., 25 MeV are observed deep upto L~3.4 at 0436 UT on 11" September 2017

5. POES-19 observations show that there is no particular MLT dependence of the solar proton flux and is
symmetric everywhere at high and low latitudes

The measurements from multiple spacecrafts located in the different regions of the Earth's magnetosphere
show that the increased level of solar proton flux population persisted for ~2 days and helped us to quantify
the flux at different locations and energy range.

Data Availability Statement

NOAA-POES and GOES-15 data are from NOAA's National Center for Environmental Information at sat-
dat.ngdc.noaa.gov. Solar wind IMF data and geomagnetic indices were obtained from the GSFC/SPDF OM-
NIWeb interface available at http://omniweb.gsfc.nasa.gov.
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