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presented. Observations near Earth, STEREO-A, and near Mars are used.11
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Abstract18

We investigate the space weather events of late solar cycle 24 in July 2017 observed19

by a number of spacecraft in the inner heliosphere widely separated in heliolongitude and20

radial distance. These include spacecraft at L1 point, STEREO-A, near Earth satellites,21

and MAVEN (near Mars). The GRASP payload onboard Indian GSAT-19 satellite provides22

a new vantage point for Solar Energetic Particle (SEP) observations near Earth. There were23

two major Coronal Mass Ejections (CMEs) and one Stream Interaction Region (SIR) event24

in July 2017. The 16 July CME was Earth directed and the 25 July CME was STEREO-A25

and Mars directed. Earth and Mars were on the opposite sides of the solar disk, while26

Mars and STEREO-A were aligned with respect to the nominal Parker spiral field. The 2527

July event was more stronger and wider in heliolongitude. This CME shock had magnetic28

connectivity to Earth, which produced an SEP event at Earth ∼two days later. The spectral29

indices of the event observed directly at STEREO-A and remotely at ACE was found to30

be similar. The 17 July SIR event was observed by both MAVEN and STEREO-A. Higher31

particle intensities (a factor of 6 enhancement for 1 MeV ions) are observed by MAVEN (at32

1.58 au) compared to STEREO-A (at 0.96 au). Also a spectral hardening is observed while33

comparing the spectral indices at these two locations, indicating an acceleration of energetic34

ions in SIR shock during the radial propagation of 0.62 au in the interplanetary space.35

1 Introduction36

Solar Energetic Particles (SEPs) are the high energy protons, electrons, alpha parti-37

cles, and heavy ions released from the Sun and accelerated at or near the Sun or in the38

heliosphere (e.g. recent reviews by Desai and Giacalone (2016); Klein and Dalla (2017)).39

These particles are of energies in the range tens of keV upto a few GeV. Solar flares, Coronal40

Mass Ejections (CMEs), and Corotating Interaction Regions (CIRs) are major sources of41

energetic particles in the inner heliosphere and these transients have severe impact on the42

atmosphere and ionosphere of unmagnetized planets, such as increased atmospheric loss at43

Mars (e.g. Krishnaprasad, Thampi, and Bhardwaj (2019); Lee et al. (2018); Thampi et al.44

(2018)). Parker (1958) first suggested that interplanetary magnetic field (IMF) lines form45

an Archimedean–spiral shape, if solar wind expansion were independent of time and helio-46

longitude (that is, a uniform radial expansion of solar wind). However this is not true when47

the solar wind is highly variable. The SEPs undergo changes in their properties, such as48

they accelerate at flare sites or at shocks upon traveling through the heliosphere. It is also49

observed that the energetic particle increases in intensity–time profiles have well–defined50

forms dependent on the location of the source relative to the observer and the presence and51

strength of interplanetary shocks (Cane, Reames, & von Rosenvinge, 1988; Reames, 1995;52

Van Hollebeke, Ma Sung, & McDonald, 1975). Based on the intensity rise rate and duration,53

SEP events are generally classified into ‘gradual’ and ‘impulsive’ (Reames, 2013).54

The SEP events of July 2017 are special in a sense that these are quite intense and55

appeared in the late phase of the historically weak solar cycle 24 (Dumbović et al., 2019;56

Luhmann et al., 2018). This is surprising, as we do not expect such intense energetic57

particle events in the declining and late phase of a solar cycle. But such exceptional solar58

activity is not unprecedented and in fact the late solar cycle 23 also had such SEP events59

(von Rosenvinge et al., 2009). An enhancement in SEP flux is observed at a vantage point60

either when the shock associated with a stream or ejection directly passes the observer, or61

if the IMF is connected to the observer site (as the charged particles can gyrate and move62

along the field lines, i.e. parallel transport from the source to the observer), or because of63

perpendicular transport by cross–field diffusion or drift (Zhang, Qin, & Rassoul, 2009).64

The particles released in CMEs are generally accelerated close to the Sun (∼3–10 solar65

radii, i.e. within 1 au), and are streamed out through the heliosphere following magnetic66

field lines (Chollet et al., 2010). These gradual events are observed over a wide longitude67

interval, unlike the impulsive events which are restricted to < 30◦ longitude cone (Reames,68

–2–



manuscript submitted to JGR: Space Physics

1995). The intensity peak near the shock is generally called the Energetic Storm Particle69

(ESP) event. In large CME-related SEP events, changes in field line connectivity of the70

spacecraft to different particle acceleration regions will result in changes in intensity–time71

profiles. Recently, Xie, Mäkelä, St. Cyr, and Gopalswamy (2017) studied three SEP events72

observed in the solar cylce 23 by STEREO A, B, and near-Earth (L1) spacecraft with a wide73

longitudinal distribution of particles. They examined whether the observations of SEPs from74

different vantage points could be explained by acceleration and injection by the spatially75

extended shocks or whether another mechanism such as cross-field transport is required,76

and found that cross-field diffusion is the likely candidate for some of the enhancements77

observed with wide longitudinal spread. Simultaneous observations of SEP events using a78

constellation of spacecraft, at different longitudes and radial positions, may give us an idea79

of how the longitudinal spread of the SEP intensity varies, in addition to other observables.80

The combination of observations performed simultaneously by several spacecrafts lo-81

cated at various heliospheric locations is a tool to investigate the spatial distribution of SEP82

events. Using measurements from widely separated spacecrafts in longitude and radial dis-83

tance in the inner heliosphere, we examine SEP intensity–time profiles present in the July84

2017 events and discuss their attributes in the context of the Sun, state of the surrounding85

heliosphere, in situ plasma and magnetic field signatures, spacecraft’s magnetic connectivity86

to the shock, and the spectral differences at these locations.87

2 Data and Method of Analysis88

The observations from the first Sun–Earth Lagrange point (L1 at ∼0.99 au) are from89

the Electron Proton Alpha Monitor (EPAM) onboard the Advanced Composition Explorer90

(ACE) spacecraft (Gold et al., 1998). The observations near Earth are from the Ener-91

getic Particle Sensor (EPS) onboard Geostationary Operational Environmental Satellites92

(GOES-13), Geostationary Radiation Spectrometer (GRASP) onboard Geostationary Satel-93

lite (GSAT-19), and the Solid State Telescope (SST) onboard Acceleration Reconnection94

Turbulence and Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) space-95

craft. The Solar TErrestrial RElations Observatory (STEREO-A) Solar Electron Proton96

Telescope (SEPT; Müller-Mellin et al. (2008)), Low Energy Telescope (LET; Mewaldt et97

al. (2008)), and High Energy Telescope (HET; Richardson et al. (2014); von Rosenvinge98

et al. (2008)) particle telescopes are also used for energetic particle observations at 1 au99

from a different heliospheric longitude with respect to near–Earth spacecraft. The so-100

lar wind plasma and IMF data at 1 au, as well as GOES-13 differential and integral101

fluxes are taken from OMNIWeb data center (https://omniweb.gsfc.nasa.gov/). The102

ACE SEP data are obtained from ACE Science Center (http://www.srl.caltech.edu/103

ACE/ASC/) and the STEREO-A SEP data are obtained from STEREO Science Center104

(http://www.srl.caltech.edu/STEREO/). The ARTEMIS SEP data are obtained from105

http://artemis.ssl.berkeley.edu/.106

GSAT-19 is an Indian communication satellite launched in June 2017 that carries107

GRASP payload to monitor and study the nature of charged particles and the influence108

of space radiation on satellites and their electronic components. The instrument measures109

the energy and flux of incident particles, and also enables particle identification by the110

E–dE technique. GSAT-19 is orbiting in 82◦E longitude, while GOES-13 was at 75◦W lon-111

gitude of Earth. The in situ measurements from GRASP can provide additional data from112

geostationary orbit that can lead to improved models on space radiation.113

The Solar Energetic Particle (SEP) instrument onboard Mars Atmosphere and Volatile114

EvolutioN (MAVEN) spacecraft in orbit around Mars provides SEP ion and electron obser-115

vations near 1.5 au (Larson et al., 2015). This instrument consists of two identical sensors,116

SEP1 and SEP2, each consisting of a pair of double-ended solid-state telescopes to measure117

20 keV–200 keV electrons and 20 keV–6 MeV ions in four orthogonal view directions that118

are positioned to adequately cover the canonical Parker spiral direction around which SEP119
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Figure 1. CME eruption site near AR 12665 on the solar disk imaged by (a) SDO/AIA on 14

July, 01:40 UT and (b) STEREO-A/EUVI on 23 July, 04:15 UT.
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Figure 2. (a) CME structure on 14 July, 02:24 UT by SOHO/LASCO C2 and (b) CME structure

on 23 July, 05:24 UT by STEREO-A/COR2.
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distributions are centered (Larson et al., 2015). The data used in this study are the ion data120

in the form of energy fluxes measured by the SEP1 sensor in the forward and reverse looking121

FOVs. The ion counts measured by SEP/MAVEN in the lower energy channels (< 100 keV)122

are also contributed by the O+ pickup ions from Mars, and hence are removed from the123

analysis (Larson et al., 2015; Rahmati et al., 2015). The MAVEN data are obtained from124

the Planetary Data System (https://pds.nasa.gov/).125

During July 2017, both STEREO-A and Mars were located at the back side of the126

Sun as viewed from Earth. STEREO-A was at -132◦ HEE (Heliocentric Earth Ecliptic)127

longitude, and Mars was at ∼ -178◦ HEE longitude, with a longitudinal separation of ∼46◦128

between STEREO-A and Mars (with Earth being at a reference heliolongitude of 0◦). Mars129

was at a radial distance of 1.58 au from the Sun, while STEREO-A was at ∼0.96 au during130

this period.131

The Wang-Sheeley-Arge (WSA)-ENLIL+Cone model simulations (Mays et al., 2015;132

Odstrcil, 2003) are taken from Community Coordinated Modeling Center (CCMC; https://133

ccmc.gsfc.nasa.gov/). This combined time-dependent model consists of solar coronal134

model WSA coupled with the global heliospheric solar wind magnetohydrodynamic (MHD)135

model ENLIL, and CMEs (spherical shaped high pressure gusts) inserted using Cone model–3D136

CME kinematic and geometric parameters. The inputs to the model simulations shown in137

Figures 1 and 2 (such as the National Solar Observatory (NSO) Global Oscillation Net-138

work Group (GONG) Potential Field Source Surface (PFSS) synoptic magnetic field maps139

and Cone model parameters) are described in Luhmann et al. (2018). The simulated solar140

wind velocities appear to capture the ACE and STEREO-A observed velocities, thus giving141

confidence on the wider inner heliospheric simulations (Luhmann et al., 2018).142

3 Observations143

There were two major CME eruptions during July 2017. The Active Region (AR) 12665144

(located around S07W44) was the prominent eruptive region on the Sun during this period145

(Luhmann et al., 2018). The main eruptions for the period were multiple, with fast and wide146

ejections following one another by roughly a week with the CME ejecta headed first to the147

west of Earth and then later in the general direction of STEREO-A and Mars (Luhmann et148

al., 2018). Figure 1a shows the Solar Dynamics Observatory (SDO) Atmospheric Imaging149

Assembly (AIA) image of the solar disk, and Figure 1b shows the STEREO-A Extreme150

Ultraviolet Imager (EUVI) image of the solar disk. Both images indicate the presence of151

eruption site near the active region, as well as the presence of CME loops.152

Figure 2 shows the CME structures observed by the white light coronagraphs onboard153

Solar and Heliospheric Observatory (SOHO) and STEREO-A during the two major inter-154

planetary CME events of July. The SOHO/LASCO (Large Angle and Spectrometric Coro-155

nagraph) C2 coronagraph image (Figure 2a) and STEREO-A/COR2 coronagraph image156

(Figure 2b) show the CME eruptions.157

Figure 3 shows the snapshots of WSA-ENLIL+Cone model simulations of inner helio-158

spheric conditions such as solar wind radial velocity and IMF lines during 14 to 20 July159

2017 event at Earth (hereafter 16 July event; Figure 3a) and 23 to 28 July 2017 event160

at STEREO-A and Mars (hereafter 25 July event; Figure 3b). The event period WSA-161

ENLIL+Cone simulation results for July are described in detail by Luhmann et al. (2018).162

The July 2017 events seemed to arise in conjunction with the appearance of a coronal psue-163

dostreamer (Luhmann et al., 2018). The simulations show the magnetic field lines during164

the event period, and some of which connects between the spacecraft and the CME shocks165

inside as well as outside the spacecraft heliocentric radius. Luhmann et al. (2018) calculated166

the shock connection radius, which shows that Earth is connected to shocks from outside 1167

au during the 26 July event.168
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Figure 3. The snapshots of WSA-ENLIL+Cone model simulations of inner heliospheric condi-

tions such as solar wind radial velocity (color contour) and IMF lines (black and white lines) during

(a) 14 to 20 July 2017 event at Earth (the 16 July event) and (b) 23 to 28 July 2017 event at

STEREO-A and Mars (the 25 July event).

The 16 July event observed at L1 point by ACE spacecraft and at Earth’s geostationary169

orbit by GOES and GSAT-19 satellites was due to an Earth directed CME. Figure 4a shows170

the IMF and solar wind velocity observed by ACE during 12 to 31 July 2017. The inter-171

planetary data are based on the OMNIWeb database, which provides in situ observations172

time-shifted to the bow shock nose of the Earth. A fluctuating IMF with increase in total173

|B| to ∼25 nT and an increase in solar wind speed to 664 km sec−1 was observed. Fig-174

ure 4b shows the SEP intensity–time profiles of energetic ions in different energy channels175

(between ∼100 keV and 4.75 MeV) observed by EPAM/ACE. The SEP intensities increase176

gradually from 14 July upto 20 July, with a crescendo observed on 16 July. The peak flux177

during this period in the lowest energy channel (110 keV to 190 keV) was 3×105 pfu MeV−1
178

(here the particle flux unit, 1 pfu = 1 particle cm−2 s−1 sr−1). The sudden spikes in the179

intensity profiles, such as those seen on 22 July are due to the accelerated ions propagating180

from the Earth’s bow shock (Bruno, Christian, de Nolfo, Richardson, & Ryan, 2019). The181

event was also observed by GOES and GSAT-19. The ion flux enhancement can be seen182

from 14 to 16 July with a peak enhancement of 12 pfu in GOES >10 MeV channel and 7183

pfu in GSAT-19/GRASP 5-85 MeV channel (Figure 4c). This enhancement seen at GOES184

and GSAT is before the peak flux observed at ACE. This is because the GOES and GSAT185

detected ions are of higher energies, which travel faster than the comparatively low-energy186

SEPs observed by ACE. This event was also observed by the solid state telescopes onboard187

ARTEMIS P1 and P2 (the former THEMIS b and c satellites) in orbit around Moon. The188

observed intensity–time profiles of 100 keV to 6 MeV energetic ions are similar to the ACE189

observations (not illustrated).190

The second major event of July, starting from 23 July and lasting upto 28 July is pri-191

marily due to a Mars directed CME, which was observed by both STEREO-A and MAVEN.192
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Figure 4. (a) The near Earth observations of IMF (|B|, Bx, By, Bz) and solar wind speed during

12–31 July 2017, (b) ACE observations of SEP intensity–time profiles during 12–31 July 2017, and

(c) GOES observations of SEP intensity–time profiles (differential and integral fluxes) during 12–31

July 2017.
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Figure 5. (a) The STEREO-A observations of IMF (|B|, Br, Bt, Bn) and solar wind speed

during 12–31 July 2017 and (b) STEREO-A (SEPT, LET, HET telescopes) observations of SEP

intensity–time profiles during 12–31 July 2017. The white gap on 22 July is due to absence of data.
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Figure 5a shows the IMF and solar wind velocity observed by STEREO-A during 12 to 31193

July 2017. The peak total magnetic field was 58 nT (on 24 July) and peak solar wind194

speed was 811 km sec−1 (on 25 July). Figure 5b shows the SEP intensity–time profiles of195

energetic ions of energy between 100 keV and 100 MeV in different channels. The maximum196

enhancement seen in the lowest energy channel (100 keV to 190 keV) was >107 pfu MeV−1
197

on 24 July. The different energy channels shown in Figure 5b are from SEPT (∼100 keV198

to 2.2 MeV), LET (4 to 12 MeV), and HET (>13 to 100 MeV) particle detectors onboard199

STEREO-A. The event was also observed by MAVEN in orbit around Mars. Figure 6a200

shows the upstream solar wind velocity and magnetic field measurements from MAVEN201

spacecraft. The upstream solar wind velocity from Solar Wind Ion Analyzer (SWIA) and202

IMF from Magnetometer (MAG) are obtained using the method given by Halekas et al.203

(2017). Figure 6b shows the energy–time spectrogram of differential energy flux of ions204

from 12 to 31 July observed by the forward facing sensor one (1F) of SEP instrument on-205

board MAVEN. An enhancement in SEP flux is observed between 23 and 28 July 2017.206

Figure 6c shows the intensity–time profiles of ions in different energy channels between 100207

keV and 5.11 MeV by forward looking sensor (1F) and Figure 6d shows the observations by208

reverse looking sensor (1R). A peak flux of 2×105 pfu MeV−1 was observed on 26 July in the209

100 keV to 200 keV energy channel. The data just prior to the peak of ion flux enhancement210

are removed because of electron contamination to the ion channels, in the vicinity of peak211

electron flux (Luhmann et al., 2018). The reverse facing data are also shown, because the212

pick-up oxygen ions predominantly appear in the forward facing MAVEN/SEP detectors213

and hardly appear in the reverse facing detectors, and therefore confirms the presence of214

SEP related enhancements (Larson et al., 2015).215

SEP flux enhancements due to Stream Interaction Regions (SIRs) were also present216

during the period in July 2017. Two SIR events are identified from the solar wind and217

magnetic field data and STEREO IMPACT Level-3 solar events list (https://stereo-ssc218

.nascom.nasa.gov/data/ins data/impact/level3/). One from 16 to 18 July (with a219

maximum solar wind speed of 493 km sec−1 and magnetic field intensity of 12.5 nT) and220

another one from 19 to 21 July (with a maximum solar wind speed of 572 km sec−1 and221

magnetic field intensity of 10.2 nT). The former (hereafter 17 July event) had higher SEP222

intensities compared to the latter (Figure 5b).223

Interestingly, energetic particle enhancement is also observed (at Earth) when the CME224

was not directly passing the observer, and when the observer is on the opposite side of the225

Sun as viewed from the CME longitude. Energetic particle enhancements can be seen in226

ACE profiles (28-30 July, Figure 4b), as well as in GOES lower energy channels such as227

4.2 to 8.7 MeV (Figure 4c). This is during the period when the 25 July event is hitting228

the STEREO-A and Mars, both spacecraft on the western heliospheric longitude. This229

SEP enhancement observed at Earth’s location is due to magnetic connections to distant230

shocks, that is shocks beyond heliocentric radius of the observer (Figure 5a of Luhmann et231

al. (2018)). The SEPMOD calculations based on the ENLIL simulation results for similar232

proton energy range are capturing the smaller enhancements during 28-30 July (Luhmann et233

al., 2018). We can also see that bulk solar wind speed and IMF do not show any significant234

enhancement during 27 to 31 July when the SEP enhancement is observed at ACE location.235

However the solar wind speed is relatively higher for a period prior to the SEP enhancement236

from 21 to 26 July (Figure 4a). This could be due to the passage of a high speed stream237

during this period as observed from the ENLIL simulation shown in Figure 3b.238

Figure 7a shows the power-law fits for SEP energy spectra during July 2017 events239

observed by ACE. The energy spectra are fitted with a power-law of the form AE−γ . Two240

distinct SEP enhancements were detected by ACE from 14 to 20 July, associated with CME241

eruptions. The event averaged spectrum of the two SEP events are shown in red (14/07,242

18:14 UT to 17/07, 00:43 UT) and brown (17/07, 15:50 UT to 20/07, 18:57 UT) colors.243

The event averaged spectrum of the SEP enhancement due to shock connectivity is shown244

in magenta color (27/07, 21:22 UT to 30/07, 15:50 UT).245
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Figure 6. (a) The MAVEN (near Mars) upstream observations of IMF (|B|) and solar wind speed

during 12–31 July 2017, (b) MAVEN observations of SEP energy–time spectrogram of differential

energy flux during 12–31 July 2017, and (c) MAVEN observations of SEP intensity–time profiles

during 12–31 July 2017. The white gap before 22 July is due to low flux of particles, while after 22

July is due to poor quality of data.
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Figure 7. Power-law fits for (a) ACE, (b) STEREO-A and MAVEN observations of SEP events

during July 2017. The left panel shows ACE observations during SEP periods from 14 to 17 July

(red), 17 to 20 July (brown). The shock connected event from 27 to 30 July (magenta) is also

shown. The right panel shows STEREO-A observations during SEP periods from 23 to 25 July

(red), 25 to 27 July (brown). The SEP enhancements due to SIR event at STEREO-A (blue stars,

17 to 18 July) and MAVEN (blue circles, 14 to 17 July) are also shown.

Figure 7b shows the STEREO-A and MAVEN observed event averaged energy spectra246

during the SEP events of July 2017. There were two distinct SEP enhancements from 23247

to 27 July, associated with CME eruptions. The spectra of these individual SEP events are248

shown in red (23/07, 10:48 UT to 25/07, 03:07 UT) and brown (25/07, 05:31 UT to 27/07,249

23:16 UT) colors. The energy spectra are fitted with a double power law characterized by250

a spectral break at few tens of MeV. The spectral transition (or break) is observed between251

6 and 10 MeV energy. A double power law or a power law with exponential rollover at252

a few to tens of MeV has been reported in many events (e.g., Zhao, Zhang, and Rassoul253

(2016)). The blue color fits shows the event averaged energy spectra for the 17 July SIR254

event observed by STEREO-A at ∼0.96 au (17/07, 00:00 UT to 18/07, 09:50 UT) and255

MAVEN at ∼1.58 au (14/07, 18:00 UT to 17/07, 13:12 UT). As mentioned earlier, the256

longitudinal separation between MAVEN and STEREO-A was about 46◦, with the stream257

arriving at MAVEN before STEREO-A. The event averaged energy spectra of the CME258

event observed by MAVEN is not shown here due to the electron contamination to the ion259

channels.260

The spectral analysis shows that the STEREO-A and Mars directed SEP events associ-261

ated with the 25 July interplanetary CME are stronger (spectral indices of 1.3 and 1.4) than262

the Earth directed SEP events associated with the 16 July interplanetary CME (indices of263

1.6 and 2.2). Also, the peak intensities are higher by around an order of magnitude for the264

25 July event. The SEP event due to shock connectivity observed at Earth between 28 and265

30 July is having a spectral index of 1.4 which is similar to the index of the 25 to 27 July266

event directly seen by STEREO-A. An onset delay of ∼2 days is observed for the shock267

connected event, which is due to the separation between the shock and observer location.268

The 17 July SIR event observed at MAVEN and STEREO-A is having spectral indices269

of 1.6 and 2.6 respectively. Enhanced particle intensities by a factor of 6 (for 1 MeV ions)270

are observed at Mars, also the event spectrum is harder, indicating acceleration of energetic271

ions during the radial propagation of ∼0.62 au.272

–11–



manuscript submitted to JGR: Space Physics

4 Discussion273

The onset time of the CME event at a location can be calculated using Velocity Disper-274

sion Analysis (VDA), which is based on the assumptions that the first particles observed at275

a given distance from the Sun have been released simultaneously, propagate the same path276

length, and experience no scattering or energy changes (Laitinen, Huttunen-Heikinmaa,277

Valtonen, & Dalla, 2015). According to this, the CME event onset time,278

tonset(v) = tinjection + (s/v) ,

where tinjection is the particles’ injection time at the source, s is the traveled distance,279

and v is the particle velocity. The injection of particles starts during the CME eruption from280

the Sun. For the 16 July CME event (Earth directed), eruption starts at ∼01:25 UT on 14281

July (Figure 2a, https://cdaw.gsfc.nasa.gov/CME list/), the particles with a speed of282

664 km sec−1 will arrive at 0.99 au [ACE location] in ∼62 hours. For the 25 July CME event283

(STEREO-A and Mars directed), the injection starts at ∼04:54 UT on 23 July (Figure 2b,284

http://spaceweather.gmu.edu/seeds/secchi.php), the particles released with a speed of285

811 km sec−1 will arrive at 0.96 au [STEREO-A location] in ∼49 hours, while the particles286

will arrive at 1.58 au [MAVEN location] in ∼81 hours. These calculations of event arrival287

times are matching with the observations of CME arrival at ACE (Figure 4), STEREO-A288

and Mars (Figures 5 and 6).289

The context and space weather impacts of September 2017 solar events are extensively290

studied for Earth as well as for Mars (Jiggens et al., 2019; Lee et al., 2018; Liu, Zhu, &291

Zhao, 2019). Both July and September solar and SEP events had similar characteristics due292

to similar source region and eruptions (Luhmann et al., 2018). The spectral indices of the293

4, 6, and 10 September SEP events are 0.5, 1.3, and 1.2 respectively for ACE observations294

(Bruno et al., 2019). While the spectral indices of 14 to 20 July events are 1.6 and 2.2295

(Figure 7a). The spectral indices of the 4, 10, and 17 September SEP events are 0.2, 1.2,296

and 1.2 respectively for STEREO-A observations (Bruno et al., 2019). While the spectral297

indices of 23 to 27 July events are 1.3 and 1.4 (Figure 7b). Thus the Earth directed events of298

July was softer compared to the Earth directed events of September, while the STEREO-A299

directed events of July and September are of similar spectral characteristics.300

As mentioned earlier, for the SIR event observations at STEREO-A and Mars, en-301

hanced particle intensities are observed by MAVEN. Also the event averaged spectrum is302

more harder at Mars (Figure 7b), indicating acceleration of energetic ions during the radial303

propagation of ∼0.62 au. Similar particle flux enhancements associated with CIR events304

near 1.5 au are reported previously by Thampi, Krishnaprasad, Shreedevi, Pant, and Bhard-305

waj (2019). The observations of SEP events during CMEs suggests that shock acceleration306

takes place within 1 au itself during CME events (Thampi et al., 2019). The observations307

of SIR related SEP enhancements observed near Mars compared to 1 au are important in308

this context because of the addition of a vantage point at 1.5 au, and as such observations309

were previously sparse between 1 and 3 au.310

5 Conclusions311

The solar events of July 2017 are studied using observations from multiple spacecraft312

near Earth, near Mars, and STEREO-A. The three heliolongitude observations, along with313

the radial gradient between Earth and Mars provides an opportunity to study both longi-314

tudinal and radial variation of SEPs propagating in the inner heliosphere. The STEREO-A315

was ∼125◦ separated from Earth, while Mars had an angular separation of ∼175◦ with316

respect to Earth. The widespread observations of energetic particles was associated with317

activity originated at AR 12665 located at WS07W44 on the Sun.318
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There were two major interplanetary CME events and one SIR event during July 2017.319

The 16 July CME was directed west of Earth and the 25 July CME was in the general320

direction of STEREO-A and Mars. Earth and Mars were on the opposite sides of the solar321

disk, while Mars and STEREO-A were aligned with respect to the nominal Parker field. The322

25 July event had higher plasma velocities and around an order of magnitude higher SEP323

flux compared to the 16 July event, also the event was wider (>120◦) in heliolongitude. This324

CME shock had magnetic connectivity to Earth, which produced an SEP event at Earth325

from 28 to 30 July (Luhmann et al., 2018). An onset delay of ∼2 days is observed for the326

event arrival at ACE location. The spectral indices of the SEP event observed directly at327

STEREO-A and remotely at ACE was found to be similar (∼1.4). The 17 July SIR event328

was observed by both MAVEN and STEREO-A. Higher particle intensities by a factor of 6329

for 1 MeV ions, and spectral hardening from 2.6 to 1.6 are observed at 1.58 au, indicating330

an acceleration of energetic ions in SIR shock during the radial propagation of 0.62 au in331

the interplanetary space.332
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