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1. Introduction
Comets are considered left-over material from the formation of the Solar System and can therefore provide 
a unique window into the conditions that were present then. A comet's coma and tails are formed as a result 
of volatiles near the surface being heated, sublimated, and outgassed due to Solar radiation thermal forcing, 
which increases with increasing proximity to the Sun. This cometary gas and dust can extend out to millions of 
km from the nucleus because of the comet's relatively small size (typically a few km) and corresponding weak 
gravity. Ionization of outgassed cometary neutral particles occurs by solar ultraviolet radiation, electron impact 
ionization, charge exchange with solar wind particles, and marginally from direct solar wind ionization. Once 
the neutrals are ionized, they start to feel the motional electric field of the solar wind and become pickup ions, 
modifying the surrounding solar wind by processes such as mass-loading. Due to the conservation of angular 
momentum, this leads to a slowing of the plasma near the nucleus, and a magnetic pile-up; magnetic field lines 
drape around the obstacle because the interplanetary magnetic field is frozen in. This type of interaction shares 
some similarities with the solar wind interaction at unmagnetized planets such as Venus. When the comet is suffi-
ciently active, a bow shock can form to slow down the supersonic solar wind (e.g., at comet 1P/Halley, Galeev 
et al., 1986), forming the first boundary between the external and cometary plasma, similar to bow shocks at 

Abstract We analyze observations of a solar energetic particle (SEP) event at Rosetta's target comet 
67P/Churyumov-Gerasimenko during 6–10 March 2015. The comet was 2.15 AU from the Sun, with the 
Rosetta spacecraft approximately 70 km from the nucleus placing it deep inside the comet's coma and allowing 
us to study its response. The Eastern flank of an interplanetary coronal mass ejection (ICME) also encountered 
Rosetta on 6 and 7 March. Rosetta Plasma Consortium data indicate increases in ionization rates, and cometary 
water group pickup ions exceeding 1 keV. Increased charge exchange reactions between solar wind ions and 
cometary neutrals also indicate increased upstream neutral populations consistent with enhanced SEP induced 
surface activity. In addition, the most intense parts of the event coincide with observations interpreted as an 
infant cometary bow shock, indicating that the SEPs may have enhanced the formation and/or intensified the 
observations. These solar transient events may also have pushed the cometopause closer to the nucleus. We 
track and discuss characteristics of the SEP event using remote observations by SOHO, WIND, and GOES at 
the Sun, in situ measurements at Solar Terrestrial Relations Observatory Ahead, Mars and Rosetta, and ENLIL 
modeling. Based on its relatively prolonged duration, gradual and anisotropic nature, and broad angular spread 
in the heliosphere, we determine the main particle acceleration source to be a distant ICME which emerged 
from the Sun on 6 March 2015 and was detected locally in the Martian ionosphere but was never encountered 
by 67P directly. The ICME's shock produced SEPs for several days which traveled to the in situ observation 
sites via magnetic field line connections.
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associated SEP induced sputtering
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and may have enhanced its formation
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unmagnetized planets. Gunell et al. (2018) reported the first two sets of observations of an infant bow shock at the 
Rosetta mission's target comet 67P/Churyumov-Gerasimenko, one of which coincides with the event studied here 
on 7 March 2015. They interpret this to be an early stage of a solar wind deflection structure predicted by models 
(e.g., Behar et al., 2018) that will evolve into a fully developed cometary bow shock. Goetz et al. (2021) surveyed 
the complete Rosetta comet phase and identified over 300 events consistent with simulations of this structure.

The Rosetta spacecraft traveled alongside 67P from August 2014 until 30 September 2016, that is, during solar 
cycle 24 from shortly after solar maximum until well into the declining phase. This time period included the 
comet's approach toward the Sun from about 3.6 AU, perihelion at 1.24 AU, and part of its journey back out 
toward Jupiter's orbit (Taylor et  al.,  2017); the mission ended at 3.8 AU. Rosetta's motion around the comet 
occurred at walking pace (∼1 m s −1) and covered many different cometary latitudes and longitudes (mostly deep 
inside the coma), in addition to a large range of solar illumination conditions. 67P is a mildly active comet (e.g., 
Coates, 2016) with a gas production rate of 10 25–10 29 s −1 (Hansen et al., 2016) which is highly dependent on 
factors such as heliocentric distance. Similarly, neutral and plasma densities during the Rosetta mission spanned 
10 6–10 9 and 10 1–10 4 cm −3, respectively (e.g., Heritier et al., 2018).

Solar transient events such as coronal mass ejections (CMEs), corotating interaction regions (CIRs), solar flares, 
and solar energetic particle (SEP) events can have significant effects on cometary environments such as global or 
local increases in ionization rates, the removal of neutrals, and dust charging. Before the Rosetta era, data were 
only available from comet flybys and remote observations. Therefore few studies of the effects of solar transient 
events were possible, such as Russell et al. (1987), who examined possible solar wind sources for the sudden 
brightening of comet C/1983 H1 (Iras-Araki-Alcock). The Rosetta mission allows us to study the effects of solar 
transient events from deep inside the cometary coma for the first time. Any responses to such events will be modi-
fied by the dense coma. Rosetta studies include, for example, Noonan et al. (2018) who report large increases 
in atomic UV emission from 67P during a CME impact on 5/6 October 2015 using the Rosetta Alice UV spec-
trograph. Edberg, Alho, et al. (2016) describe observations during this event using Rosetta Plasma Consortium 
(RPC) data such as a denser plasma environment, plasma density increases by a factor of 10 reaching up to 
600 cm −3 (and therefore also affecting neutral-ion ratios), and magnetic field enhancements up to 40–100 nT 
including individual spikes reaching 200 nT. We note that during this event Rosetta was performing a dayside 
excursion at a distance of 800 km from the comet nucleus, placing it in the outer coma (ion pile-up) region which 
is much further away from the nucleus than its nominal orbit. Similarly, Goetz et al. (2019) detail extreme (up to 
300 nT) magnetic pile-up observations associated with an impact of a CME combined with a CIR, which is an 
increase of six times the already draped and enhanced nominal magnetic field in the coma. Hajra et al. (2018) and 
Edberg, Eriksson, et al. (2016) also studied CIRs and their effects on the comet, where Hajra et al. (2018) report 
plasma density enhancements of 500%–1000% associated primarily with a strong increase in electron impact 
ionization. One of the CIRs studied by Edberg, Eriksson, et al. (2016) impacted 67P on 22 October 2014 together 
with a massive interplanetary coronal mass ejection (ICME). This ICME was investigated and traced through the 
Solar System by Witasse et al. (2017). On the other hand, Edberg et al. (2019) investigated the direct effects of 
several solar flares on 67P's plasma environment and report that in most cases, flares do not seem to significantly 
increase the plasma density. In addition, Myllys et al. (2021) discuss electric field emissions related to Langmuir 
waves at 67P with some focus on solar transient event dependence, including the event of interest in this study in 
early March 2015.

Honig et al. (2019) analyzed data from the European Space Agency's (ESA's) Standard Radiation Environment 
Monitors (SREM) carried on several ESA spacecraft such as Rosetta and INTEGRAL in order to characterize 
galactic cosmic rays (GCRs) in the inner heliosphere. They note that during Rosetta's time at 67P an 8% reduction 
in the GCR flux was detected. Gronoff et al. (2020) also modeled the energy deposition by GCRs and SEPs in 
cometary nuclei, and Wurz et al. (2015) analyzed solar wind induced sputtering at 67P.

SEP events are solar transient events which consist of electrons and ions from the Sun that have been acceler-
ated to energies in the keV, MeV, and sometimes even GeV range (e.g., Reames (1999), Reames (2013), and 
Desai and Giacalone (2016)). They can travel far into interplanetary space along magnetic field lines such as 
those following the Parker spiral. The two most common source regions are regions of magnetic reconnection 
at solar flare sites and shock fronts driven by CMEs or their interplanetary counterparts (ICMEs). SEP events 
originating from solar flares are generally classified as “impulsive”: The acceleration area is relatively small 
and hence only a limited number of magnetic field lines are connected to this region, which means that the  
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interplanetary spread of these SEPs is relatively narrow. SEP events which 
originate at CME shocks are referred to as “gradual” events because the parti-
cles are being accelerated and propagated outwards for a longer period of 
time and therefore cause more gradual intensity-time profiles; their spread in 
the interplanetary medium tends to be much broader due to a larger acceler-
ation area with many magnetic connections to a much wider range of desti-
nations. Impulsive SEP events typically extend in a relatively narrow cone, 
approximately 30°–60° in solar longitude, while gradual events often extend 
over 100°–180° (Cohen et  al.,  2021; L. Wang et  al.,  2012). There is not 
always a clear distinction between the two types, and SEPs generated both 
at flare sites and CME shock fronts can be observed as part of the same SEP 
event (Cane et al., 2006). Furthermore, studies such as Dresing et al. (2012) 
and Dresing et al. (2014, 2018) suggest the existence of alternative processes 
to shocks which can cause widespread SEP events, for example, effective 
particle transport perpendicular to the mean magnetic field.

In this study we use Rosetta's SREM instrument to identify an SEP event at 
67P when the comet was between the orbits of Mars and Jupiter at 2.15 AU 
from the Sun, and Rosetta at a cometocentric distance of about 70 km plac-
ing it deep inside the coma. Section 2 briefly describes the main missions 
and instruments used in this study. The remainder of this manuscript is then 
organized in two parts: Sections 3 and 4. Section 3 describes and discusses in 
situ observations by Rosetta instruments deep inside the comet coma during 
the SEP event in order to learn more about its effects. In Section 4 we then 
study and discuss observations upstream of the comet in order to identify the 
source of the SEP event. We use ENLIL simulations and other in situ space-

craft observations by Solar Terrestrial Relations Observatory Ahead (STEREO A), Mars Odyssey, Mars Express 
and Mars Atmosphere and Volatile Evolution (MAVEN) to understand the event's wider relevance in the inner 
heliosphere. We show that the source of the energetic particles is linked to two solar flares that took place on 6 
March 2015 and associated CMEs whose shock fronts accelerated particles for several days. Particle acceleration 
by ICME shocks is typically after the end of a flare therefore this process is purely driven by the shock at this 
stage. These particles were therefore not produced in the comet's vicinity, but traveled to the 67P environment 
from a remote source most likely via magnetic field line connections.

2. Instrumentation
ESA's Standard Radiation Environment Monitor (SREM) (Evans et al., 2008; Siegl et al., 2009) is an ESA engi-
neering instrument designed to monitor the radiation environment which may affect the science payload instru-
ments. Identical designs of this instrument have been fitted on several ESA spacecraft such as Herschel, Integral, 
PROBA-1 and Rosetta. It consists of three detectors: one single silicon diode detector (D3) and two silicon diodes 
(D1/D2) arranged in a telescope configuration. The lower energy thresholds are approximately 0.5 MeV for elec-
trons and approximately 10 MeV for protons. Table 1 lists all SREM energy channels; the energies are integrated 
and include protons and electrons.

In this study we use raw SREM particle count rates, but also converted particle fluxes using a method by Sandberg 
et al. (2012) based on Singular Value Decomposition. This calibrated data set includes separate proton and electron 
channels which are outlined in Figure 1 (also see Institute of Accelerating Systems and Applications SREM and 
REM Data Consolidation final report July 2017: https://pdssbn.astro.umd.edu/holdings/ro-x-srem-2-cr5-v1.0/
document/sremdc_final_report_v1.0.pdf).

The RPC instrument (Carr et al., 2007) on board the Rosetta spacecraft consists of several plasma sensors. The 
Ion and Electron Sensor (RPC-IES, Burch et al., 2007) measures ion and electron flux as a function of energy 
(4.3 eV q −1–17.7 keV q −1) with a resolution of ΔE/E = 8% using a pair of stacked, toroidal electrostatic analyz-
ers. In addition to studying electrons and ions within the instrumental energy range, we also use IES to study 
penetrating radiation. This is caused by particles with energies much higher than the instrument range (typically 
>100s keV) which pass through the detector and are recorded in all energy channels. For the Cassini CAPS 

SREM bin

Proton energy (MeV) Electron energy (MeV)

Emin Emax Emin Emax

TC1 27 ∞ 2.00 ∞

S12 26 ∞ 2.08 ∞

S13 27 ∞ 2.23 ∞

S14 24 542 3.20 ∞

S15 23 434 8.18 ∞

TC2 49 ∞ 2.80 ∞

S25 48 270 – –

C1 43 86 – –

C2 52 278 – –

C3 76 450 – –

C4 164 ∞ 8.10 ∞

TC3 12 ∞ 0.80 ∞

S32 12 ∞ 0.75 ∞

S33 12 ∞ 1.05 ∞

S34 12 ∞ 2.08 ∞

Table 1 
European Space Agency's Standard Radiation Environment Monitor 
(SREM) Energy Channel Table (Georgoulis et al., 2018)
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Electron Spectrometer (Young et al., 2004), a somewhat similar electrostatic analyzer, the lower energy threshold 
was determined to be approximately 0.8 MeV (Rymer et al., 2001). Even though we do not know the precise 
energies of these particles, we can use the measurements as a proxy for SEP intensities.

Other RPC instruments we use include the top-hat ion mass spectrometer Ion Composition Analyzer (RPC-ICA) 
which measures mass-separated energy distribution functions of positive solar wind and cometary ions from a 
few eV q −1–40 keV q −1 in 96 channels with an energy resolution of ΔE/E = 7% (Nilsson et al., 2007, 2017). RPC's 
fluxgate magnetometer (RPC-MAG, Glassmeier et al., 2007) measures the magnetic field vector and the data 
used in this study were processed and calibrated according to Goetz et al. (2016). The Mutual Impedance Probe 
(RPC-MIP, Trotignon et al., 2007) provides (a) the local plasma density data by probing the plasma frequency 
and (b) the 1D electric field in the few kHz–few MHz range. We use (a) in this study and (b) was used by Myllys 
et al. (2021) to study electric field emissions related to Langmuir waves including the event studied here.

We also use measurements from In situ Measurements of Particles And CME Transients (IMPACT, Luhmann 
et al., 2008) aboard STEREO A (Kaiser et al., 2008) to characterize the SEP event. This includes the Solar Elec-
tron and Proton Telescope (SEPT, Müller-Mellin et al., 2008), which measures electrons from 45 to 425 keV and 
ions from 0.1 to 6.5 MeV in four different viewing directions and therefore allows us to determine the anisotropy 
of the particle event, and the Low Energy Telescope (LET, Mewaldt et al., 2008) and High Energy Telescope 
(HET, von Rosenvinge et al., 2008).

We use Mars Odyssey (Saunders et al., 2004), Mars Express (Chicarro et al., 2004), and the MAVEN (Jakosky, 
Lin, et al., 2015) SEP instrument (Larson et al., 2015) data to investigate SEP signatures of the event at Mars. 
Mars Odyssey's High Energy Neutron Detector (HEND, Zeitlin et  al.,  2010) consists of five sensors, one of 
which is a scintillator block made of an inner stilbene crystal surrounded by an outer cesium iodide detector. In 
this study we use this outer scintillator because it is the most sensitive to energetic charged particles. It is used to 
correct the background induced in the other sensors due to secondary particles, such as neutrons, generated in  the 
instrument by GCRs and other energetic particles rather than from atmospheric secondary particles (Jiggens 

Figure 1. Calibrated Standard Radiation Environment Monitor (SREM) flux energy chart. The tables on the left and right 
outline energy information about the electron and proton channels, respectively. Due to low quality data, only the top 10 
electrons channels and the top 13 proton channels can be used, as marked by the yellow boxes. The green boxes indicate the 
effective energy of the channel in MeV. For example, electron CH2, marked by the purple rectangle, has an effective energy 
of 0.73 MeV, and proton CH1, marked by the black rectangle, has an effective energy of 14.5 MeV. Figure adapted from 
https://pdssbn.astro.umd.edu/holdings/ro-x-srem-2-cr5-v1.0/document/sremdc_final_report_v1.0.pdf.
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et al., 2019; Sánchez-Cano et al., 2018). Therefore, these HEND observations are solid indirect measurements 
(or proxies) of SEP and GCR events. The instrument records these secondary particles in 16 different channels 
of increasing energy. Because it is not measuring the particles directly, we do not know the precise energy range 
and particle type, however the energy range is estimated to be between 30 keV and 1 MeV as calibrated by 
Livshits et al. (2017). In this study, we use only the most energetic channels that are primarily sensitive to parti-
cles between 195 keV and 1 MeV. In addition, Mars Express's Analyzer of Space Plasma and Energetic Atoms 
(ASPERA-3, Barabash et al., 2006) Ion Mass Analyzer (IMA) is a top hat electrostatic analyzer measuring the 
flux of ions in the energy range 0.01–36 keV q −1 with ΔE/E = 7% which we use to analyze penetrating radiation, 
that is, particles with energies much higher than the instrument range, in a similar way to RPC-IES as described 
above.

3. Inside the Comet Coma
3.1. Energetic Particle Observations

In this subsection we describe energetic particle measurements shown in Figures 2a, 3a, and 4, using Rosetta's 
radiation monitor SREM, and penetrating radiation as proxy data from Rosetta's RPC-IES in order to characterize 
the SEP event at comet 67P.

The black, magenta, and dark blue traces in Figure 2a show calibrated Rosetta SREM energetic particle fluxes 
during 4–10 March 2015 with energies and type of particles shown as indicated. The scattered (fainter) data 
points are the original SREM fluxes; the solid line plots are smoothed data using a running 61-point box car 
smoothing function. These three channels detected a noticeable flux increase over 3–4 days shown on this 7-day 
plot.

The turquoise trace, labeled as TC2, is an additional SREM channel. Due to higher noise levels, calibrated 
fluxes for this channel are not available and data shown are raw count rates. Despite the data being lower qual-
ity, this channel demonstrates another important behavior. The channel covers a relatively high energy range 
(protons ≥49 MeV and electrons ≥2.8 MeV) and shows a slight decrease in count rates during and a few days 
after the event. We identify this as a Forbush decrease which is discussed further below.

Also shown in Figure 2a is penetrating radiation observed by Rosetta's RPC-IES ion instrument, in pink. In this 
case a running 10-point box car smoothing function was used. Penetrating radiation is caused by particles with 
energies much higher than the instrument range (typically >100s keV) passing through the detectors, and there-
fore consistent with energetic particles due to an SEP event which can be used as an additional marker for SEP 
intensity. The penetrating radiation shown in pink can also be seen in the RPC-IES ion spectrogram in Figure 2c 
as bright background in all energy channels (in this case a bright light blue). Similarly, there is evidence of pene-
trating radiation in the IES electron spectrogram (Figure 2b), visible especially at the higher energies as light blue 
background enhancements. The penetrating radiation shown in pink in Figure 2a is RPC-IES ion counts summed 
over the instrument's highest three energy bins. Note that the penetrating radiation can be observed in all energy 
bins as background counts, however we use the highest energy bins because most other channels show other 
features where electrons and ions in the instrument's actual energy range are present and therefore dominate over 
the penetrating radiation measurements.

The IES ion penetrating radiation in Figure 2a shows a clear enhancement during the event, similar in shape and 
duration to the SREM flux channels shown. The IES electron penetrating radiation spectrum (not shown) is very 
similar to the ion penetrating radiation data shown. The horizontal dashed lines in Figure 2a show the mean back-
ground level of the respective energy channels before the SEP event (DOY 63–64.5). The vertical dashed yellow 
lines are approximate time stamps (determined by eye) marking the SEP event onset for the electron channels and 
the penetrating radiation at 12:00 UT on 6 March 2015, and for the proton channel at 22:48 UT, which we refer to 
below. On 5 March 2015, the Eastern flank of a massive ICME driven interplanetary shock arrived at comet 67P, 
followed by its ICME ejecta and another ICME. According to ENLIL modeling (http://helioweather.net/), these 
two ICMEs were likely about to collide at STEREO A and started to interact and merge near Rosetta. We refer to 
these ICMEs as A and B in this study, and the combined ICME structure as ICME AB which is discussed further 
below (Sections 3.2.3 and 4, also see Table 2, and Figures 7 and 8). The vertical blue dashed line in Figures 2 
and 3 marks the arrival of ICME AB's shock at 21:25 UT.
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Figure 2. Rosetta data spanning 4–10 March 2015 (Day Of Year [DOY] 63–69). Dates shown in date (Month DD) and 
DOY format. A (top panel): Rosetta Standard Radiation Environment Monitor (SREM) data: channel TC2 (turquoise, raw 
proton >49 MeV and electron >2.8 MeV count rates), calibrated SREM fluxes in cm 2 sr s MeV −1 (black: protons, 14.5 MeV, 
magenta: electrons, 0.73 MeV, and dark blue: electrons, 1.35 MeV, also see Table 1 and Figure 1), and Rosetta Plasma 
Consortium-Ion and Electron Sensor (RPC-IES) ion penetrating radiation count rate (pink). Horizontal dashed lines indicate 
mean background level of respective energy channels before solar energetic particle (SEP) event. (b) RPC-IES electron 
spectrogram. (c) RPC-IES ion spectrogram. (d) Rosetta—comet distance in km. (e) Comet aspect angle to demonstrate 
Rosetta's changing attitude. (f) Rosetta orbiter spacecraft position in comet solar orbital coordinates, where x points toward 
the Sun, z is perpendicular to x and projected onto the vector of the orbital plane and y completes the right-handed system. y 
also points approximately in the opposite direction of the comet's orbital velocity vector. (g) Rosetta RPC-Ion Composition 
Analyzer mass-separated species spectrogram showing cometary ions only. Panels (h–j) RPC-magnetometer 1-min resolution 
data smoothed using a running 30-point mean, in angular co-ordinates. (h) Magnetic field strength (nT), (i) Theta (azimuth), 
and (j) Phi (elevation). All panels: The blue vertical dashed line indicates the arrival of interplanetary coronal mass ejection 
(ICME) A's shock. The yellow vertical dashed lines mark approximate SEP event onset times for electron CH2 and CH7, 
penetrating radiation (first line, 6 March, 11:59 UT) and proton CH1 (second line, 6 March, 22:48 UT). The green vertical 
dashed lines mark time stamps of Gunell et al. (2018)'s infant bow shock crossings at 05:53, 10:38, and 15:54 UT on 7 March.
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Figure 3. Rosetta data spanning 4–10 March 2015 (Day Of Year [DOY] 63–69). Dates are shown in date (Month DD) and 
DOY format. Time period is identical to Figure 2. (a) Same panel as Figure 2a. Rosetta Standard Radiation Environment 
Monitor (SREM) data: channel TC2 (turquoise, raw proton >49 MeV and electron >2.8 MeV count rates), calibrated SREM 
fluxes in cm 2 sr s MeV −1 (black: protons, 14.5 MeV, magenta: electrons, 0.73 MeV, and dark blue: electrons, 1.35 MeV). 
Pink: Rosetta Plasma Consortium-Ion and Electron Sensor (RPC-IES) ion penetrating radiation. (b) Rosetta RPC-Ion 
Composition Analyzer (ICA) mass-separated species spectrogram showing solar wind ions only. (c) Upstream solar wind 
speed inferred from Rosetta RPC-ICA observations of the difference between the speed of protons and alpha particles at the 
observation point. (d) Calculated He + to He ++ flux ratios assuming a heliocentric distance of 2 AU using RPC-ICA data. 
(d) Calculated ionization frequencies using RPC-ICA data due to: solar wind charge exchange (SWCX, blue), solar wind 
ionization (SWI: H +, He ++, yellow), and constant photoionization (hν, gray). For SWCX and SWI, a running mean for the 
considered time interval is shown over a 6-hr span (solid lines). All panels: The blue vertical dashed line indicates the arrival 
of interplanetary coronal mass ejection (ICME) A's shock. The yellow vertical dashed lines mark approximate solar energetic 
particle event onset times for electron CH2 and CH7, penetrating radiation (first line, 6 March, 11:59 UT) and proton CH1 
(second line, 6 March, 22:48 UT). The green vertical dashed lines mark time stamps of Gunell et al. (2018)'s infant bow 
shock crossings at 05:53, 10:38, and 15:54 UT on 7 March.
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Gunell et al.  (2018) describe observations which they interpret as Rosetta crossing an early stage bow shock 
during two periods, including 7 March 2015, that is, coinciding with the most intense part of the SEP event 
described here. The green dashed lines correspond to Gunell et al.  (2018)'s observations of infant bow shock 
crossings marked by cyan ticks in their Figure 1 at 05:53, 10:38, and 15:54 UT.

We also show a zoomed-in SREM and IES ion penetrating radiation data plot (Figure 4) spanning two days (6 and 
7 March 2015/DOY 65 and 66) in order to identify more clearly when the event started. The lower energy electron 
channel (electron CH2, 0.73 MeV, magenta) starts to show a gradual increase shortly after noon, between the 
first and second vertical yellow dashed lines. A slight increase can also be observed in electron CH7 (1.35 MeV, 
dark blue) and the ion penetrating radiation during this interval. The SREM fluxes, including the proton channel 
(black, 14.5 MeV), and penetrating radiation then all start to increase more steeply from approximately 18:00 UT 
on 6 March 2015 (DOY 65). They all reach the first major peak just before approximately 06:00 UT, marked by 
the first green dashed line and therefore also coinciding with Gunell et al. (2018)'s first main infant bow shock 
crossing. The electron CH2 is a broader double-peak structure peaking shortly before and after the first green 
dashed line. The penetrating radiation peak is also broader. An intensity drop is then observed after the first 
green dashed line for about 4 hr, after which intensities increase again and reach another major peak just after the 
second green dashed line (10:38 UT). This peak is less prominent in the electron CH2 flux, which generally starts 
to gradually decrease earlier than the other channels. Slight differences between SREM and the RPC-IES pene-
trating radiation may be related to instrument pointing differences. A few more local peaks and troughs are then 
observed. Although there is some minor variation between channels, the overall trend is the same: The intensity 
slowly rises to a final prominent, broad peak around 21:00 UT, after which intensities decrease gradually over the 
following three days and reach previously observed background levels after 9 March 2015 (DOY 68).

Discussion of Section 3.1

The decrease in particle flux demonstrated by Rosetta's SREM channel TC2 is likely related to a reduction in 
cosmic ray particles as a result of an ICME shielding the observation point. Galactic cosmic rays are even higher 
in energy than SEPs, therefore the fact that only SREM's highest energy channels are affected is in line with 
this theory. The effect, known as a Forbush decrease, suggests the presence of an ICME in this part of the Solar 
System, which is ICME AB. We further discuss some aspects of this ICME in Sections 3.2.3 and 4. Witasse 

Figure 4. Zoomed-in version of Figure 2a showing the onset of the solar energetic particle (SEP) event on 6 and 7 March 
2015 (Day Of Year 65 and 66). Rosetta Standard Radiation Environment Monitor (SREM) data: channel TC2 (turquoise, raw 
proton >49 MeV and electron >2.8 MeV count rates), calibrated SREM fluxes in cm 2 sr s MeV −1 (black: protons, 14.5 MeV, 
magenta: electrons, 0.73 MeV, and dark blue: electrons, 1.35 MeV), and Rosetta Plasma Consortium-Ion and Electron 
Sensor (RPC-IES) ion penetrating radiation (pink). The yellow vertical dashed lines mark approximate SEP event onset 
times for electron CH2 and CH7, penetrating radiation (first line, 6 March, 11:59 UT) and proton CH1 (second line, 6 March, 
22:48 UT). The green vertical dashed lines mark time stamps of Gunell et al. (2018)'s infant bow shock crossings at 05:53, 
10:38, and 15:54 UT on 7 March.
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et al. (2017) describe a similar Forbush decrease detected at Mars, 67P and Saturn, when they tracked an ICME's 
journey through the Solar System which reached Rosetta on 22 October 2014.

We further discuss specific characteristics and potential sources of this SEP event in Section 4.

3.2. Plasma Observations Inside the Comet Coma

In this subsection we present in situ observations of Rosetta's plasma instruments and related calculations in order 
to investigate the effects of the SEPs on the comet environment.

3.2.1. Cometary Ion Observations

Ions seen mostly at low energies (<10 eV) in the RPC-IES ion spectrogram in Figure 2c are cometary water 
group ions. There is also a medium energy (approximately 50–1,000 eV) ion population between ∼19:00 UT on 
6 March and ∼06:00 UT on 7 March. This coincides with the onset of the SEP event, and also with a brief space-
craft attitude change, shown in Figure 2e. The comet aspect angle plots indicate that the look direction changed 
briefly between ∼00:00 and ∼02:45 UT on 7 March, after which it returned to the previous configuration. IES 
did not see the medium energy population during this period, except for the very last ∼30 min. It then continued 
to see the population again. We therefore consider this population to be real, but direction-dependent. To take a 
closer look at these ions, Figure 2g shows an RPC-ICA mass-separated species spectrogram where only cometary 
ions are plotted. The medium energy population is clearly present in this data set too, indicating that the main 
composition of this population is water group ions of cometary origin, most likely a mix of H2O + and CO2 +; this 
is probably dominated by H2O + at this point in the comet's activity cycle.

Discussion of Section 3.2.1

The low energy cometary water group ions (e.g., Goldstein et al., 2015) observed before the event are mostly seen 
at very low energies (<10 eV) only. This means that they are likely freshly ionized and have not yet been picked 
up and accelerated by the solar wind flow. However, during the main part of the SEP event (on 6–8 March) we 
can see a range of energies, up to a few hundred eV.

ICA moment data (not shown) indicate that the ions below 60 eV are flowing radially away from the comet 
nucleus in the terminator plane which is typical of this population in this region when present (Berčič et al., 2018; 
Nilsson et al., 2015, 2020). The more energetic ions have a dominating anti-sunward component, which is also 
typical of this population here when present. The pickup ions may form partial rings (Nicolaou et al., 2017) but 
mostly flow along the local electric field on these scales where ions are essentially unmagnetized and electrons 
magnetized (Alho et al., 2019; Nilsson et al., 2018). Anti-sunward moving accelerated pickup water group ions 
can be seen intermittently throughout the mission. However, compared to an overview study of Rosetta ion obser-
vations by Nilsson et al. (2017), the observations during this SEP event stand out as a more intense period evident 
especially in the larger number of ions with energies up to 1 keV during 6–8 March. We note that enhancements 
can also be caused by stronger electric fields in the solar wind.

The fact that some cometary water group ions are seen at medium energies (approximately 50–1,000 eV) during 
the SEP event (and therefore at a higher energy than when they are freshly ionized) suggests that they are acceler-
ated pickup ions in a slightly more developed part of their ring distribution, similar to non-gyrotropic early phase 
pickup distributions seen by Giotto at comet 26P/Grigg-Skjellerup (Coates et al., 1993), and also other planetary 
environments such as Saturn's moons Titan (Regoli et al., 2016), Rhea (Desai et al., 2018; Teolis et al., 2010), 
and Dione (Nordheim et al., 2020; Tokar et al., 2012) using Cassini observations. 26P/Grigg-Skjellerup was a 
generally more active comet when encountered in 1992 than 67P was in March 2015; 67P's neutral production 
rates were only comparable to 26P's during 67P's most active phase in August 2015 (Coates,  2016; Hansen 
et al., 2016; Johnstone et al., 1993). Ion gyro radii in 67P's cometary coma environment are very large (probably 
1,000s km), therefore we are unlikely to observe fully developed ring distributions with Rosetta (e.g., Nicolaou 
et al., 2017; Nilsson et al., 2017). Such ions would be expected to have energies a few times higher than the solar 
wind energy. The medium energy population observed here was probably created 100s km away. The RPC-ICA 
pickup ion flux (not shown) falls off with energy in a manner consistent with higher energy ions produced further 
away from the observation point, in a less dense part of the coma (see e.g., Nilsson et al. (2018), their Figure 4). 
Local maxima at high energy can also reflect the structure of the comet magnetosphere, and may, for example, be 
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a remote signature of a more developed bow shock, as suggested by Nilsson et al. (2018) and modeled by Alho 
et al. (2019), Alho et al. (2021).

3.2.2. Solar Wind Ion Observations, Charge Exchange, and Surface Activity

The ions at the higher end of the energy range (around 1 keV and higher) observed in the IES ion spectrogram 
(Figure 2c) are solar wind ions, as confirmed by RPC-ICA's mass-energy spectra (not shown): H + (lower energy 
band) and alpha particles (He ++, higher energy band). There is an even higher energy band that becomes visible 
shortly after the SEP onset (first yellow dashed line) and remains visible for most of 7 and 8 March, with traces 
also present later on 10 March: these ions are He +. The alpha particles observed are usually present in the solar 
wind, however the He + are not. They are produced as a result of charge exchange reactions between solar wind 
He ++ ions and cometary neutrals (Nilsson et al., 2015; Simon Wedlund et al., 2016). The observed count rates 
of both the cometary and solar wind ion populations increased during the event, especially on 6–8 March. The 
observed solar wind ions also show slight changes in energy, indicating that the solar wind speed was changing. 
We explore this further in Figure 3. Figure 3a is the same as Figure 2a, to allow clear orientation and comparison 
between specific features in Figures 2 and 3. Figure 3b shows an RPC-ICA mass-separated species spectrogram 
showing solar wind ions only, which appear as three bands in the same way as in the IES ion spectrogram: H + 
(lower energy band), alpha particles (He ++, higher energy band), and the fainter, intermittently visible highest 
energy band, He +. Figure 3c shows the upstream solar wind speed inferred from Rosetta RPC-ICA observations 
of the difference between the speed of protons and alpha particles at the observation point (Nilsson et al., 2022). 
The data indicate the arrival of high speed streams followed by a linear speed decrease which is a velocity disper-
sion associated with such streams. This is likely linked to ICME AB.

Further Analysis and Discussion of Section 3.2.2

In order to investigate how efficient the charge exchange reactions are, we show calculated He + to He ++ flux 
ratios in Figure 3d based on RPC-ICA data. The higher the ratio, the more efficiently the incoming alpha parti-
cles have been converted into He + (and eventually He energetic neutral atoms). The calculations are for a 2 AU 
heliocentric distance approximation and the detailed method is described by Simon Wedlund, Behar, Kallio, 
et al. (2019), whose Figure 3 also shows a more typical 67P atmosphere for comparison, and with their Figure 
4 showing solar wind speed effects on the distributions. The RPC-ICA He + signal was very variable and some-
times faint, therefore the data shown are somewhat noisy. Nevertheless, Figure 3d indicates an increase in the 
flux ratio during the SEP event, where the start of the increase coincides with the onset of the SEP event (yellow 
dashed lines). This increase is approximately a factor of 10 above the level before the arrival of ICME AB and 
SEPs. Large fluctuations in the flux ratios are then present after 8 March which continue another 5–6 days before 
returning to pre-event levels (we only show data until the end of 10 March in Figure 3d). At a constant solar wind 
energy, an increase in this flux ratio is typically a marker for an increased neutral population upstream of the 
observation point, which may indicate increased surface activity as a result of the SEPs. The presence of ICME 
AB is also likely to have contributed to the increased charge exchange frequency.

Figure 3e shows calculated ionization frequencies as a result of solar wind charge exchange (SWCX), solar wind 
ionization (SWI, H + and He ++), and photoionization using RPC-ICA particle fluxes multiplied by the respective 
cross sections at the bulk energy of the solar wind species considered (see method described by Simon Wedlund, 
Behar, Nilsson, et al. (2019) and Simon Wedlund et al. (2020)) with a running average of 6 hr to compensate 
for factors such as the comet's rotation. The start of the first broad peaks in both the SWCX and SWI appears to 
coincide with the arrival of ICME AB's shock (blue dashed line) and then reach their highest values during the 
onset of the SEP event (yellow dashed lines). The SWI peak is slightly more focused on the onset of the main 
SEP event (second yellow line). It is therefore possible that the increased ionization frequencies are initially 
caused by the ICME, and then further enhanced by the SEP when the peaks are reached. A second broad increase 
in both SWCX and SWI is then also present on 8 March. It is unclear why there is a trough between these two 
peaks. The second peak could be an indirect result of the SEP induced surface sputtering, with Rosetta entering 
a region where the local neutral population was particularly enhanced and therefore caused increased ionization 
rates again.

We also investigated neutral number density measurements from Rosetta's Rosina-COPS instrument (not shown). 
No clear density enhancements were detected during the event, however high noise levels were present. The data 
can sometimes be noisy due to slewing, but in this case the degree of noise was considerably higher. The reason 
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for this could be that energetic particles entered the repelling fields inside the COPS instrument and interacted 
with the emission regulation, a phenomenon that has been reproduced in the lab (pers. comm. with M. Rubin, 
Tzou, 2017).

3.2.3. Magnetic Field Data and Relation to ICME AB

Figure 2h–2j show RPC-MAG data in angular coordinates. The data show an overall increase in magnetic field 
strength during 6–8 March, starting with a fairly sudden increase associated with the arrival of ICME AB's shock 
(blue dashed line) at 21:25 UT on 5 March. In addition, there is a magnetic field rotation in the elevation angle θ 
on 7 and 8 March as a result of the ICME's flux rope. Specific local magnetic field strength increases can also be 
observed on 7 March coinciding with the SEP increases and infant bow shock crossings. Specific observations  on 
7 March, along with proton heating (i.e., a broadening in the H + energy spread) and proton deceleration (i.e., a 
slight decrease in H + energy) are described in more detail by Gunell et al. (2018).

3.2.4. Electron Measurements, Langmuir Waves, and Surface Charging

An RPC-IES electron spectrogram is shown in Figure 2b and demonstrates increased count rates during the SEP 
event on 6–8 March. Some specific increases appear to be associated with the SEP peaks described above, and 
Gunell et al. (2018)'s infant bow shock crossings (green vertical lines).

The Rosetta RPC-MIP instrument has two operational modes: active and passive. Active mode is used to moni-
tor electron number densities near the comet while passive mode is used as a natural plasma wave analyzer. 
Active mode operates in two submodes: Long-Debye-Length (LDL) is limited to measuring plasma density 
below 300 cm −3 while Short-Debye-Length (SDL) is ideal for measuring densities higher than 300 cm −3. On 6 
and 8 March, MIP active mode made electron density measurements using LDL submode, while SDL submode 
was operating on 7 March. The electron density stayed below 300 cm −3 on 6 and 8 March for the majority of this 
time period, therefore RPC-MIP LDL mode was able to measure electron density. In addition, RPC-MIP passive 
mode showed natural wave activity (Langmuir waves) throughout the interval (Figure 11 in Myllys et al. (2021)). 
As a result the RPC-MIP passive measurements provided an additional method to estimate the electron density 
during the SEP event. Based on the combined electron densities from RPC-MIP active and passive modes, the 
electron density was enhanced up to 600 cm −3 at the end of 6 March and beginning of 7 March (not shown, also 
see Figure 11 in Myllys et al. (2021)).

Discussion of Section 3.2.4

Halekas et al.  (2009) showed that SEP events on the Moon can cause extreme surface charging. In addition, 
Nordheim et  al.  (2015) modeled surface charging and electrostatic dust acceleration at 67P and found that 
electrostatic dust ejection from the nucleus can be enhanced for large surface potentials. Dust blow off events 
in connection to transient solar wind events have also been hypothesized (Flammer et al., 1986). While we do 
not see any direct evidence of this in the data presented here, it may be of interest to consider for future studies.

The clear enhancement of Langmuir wave activity observed by RPC-MIP and studied in detail by Myllys 
et al. (2021) started around 18:00 UT on 6 March 2015; this coincides with the onset of the SEP event. Langmuir 
waves can be created via a bump-on-tail instability when a beam consisting of keV energy electrons is streaming 
through the plasma. It is therefore likely that the Langmuir wave enhancement is linked to the onset of the SEP 
event and a signature that SEPs originating at ICME shocks may be effective drivers or triggers of Langmuir 
waves in cometary environments.

We note that such beams could also be consistent with electron beams from a highly charged surface, as has been 
observed, for example, at Saturn's moons Rhea and Hyperion (Jones et al., 2011; Nordheim et al., 2014; Roussos 
et al., 2012; Santolík et al., 2011). At these moons, surface-originating electron beams were associated with the 
detection of intense Langmuir wave activity. In the case of the event studied here, this would be consistent with 
SEPs causing high surface potentials as was observed on the Moon (Halekas et al., 2009).

3.3. Discussion

In addition to the discussion points at the end of each of the above subsections, we now briefly describe a few 
more general considerations. Rosetta was deep inside the comet coma during this event, therefore the responses 
of any solar transient events are modified by the comet's dense coma. The energetic particles observed at Rosetta 
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resulted in increased ionization rates inside the comet coma, which (at least partially) caused the increase in 
observed electron and ion fluxes, and electron densities. Ionization rates may have increased as a result of two 
processes:

1.  Energetic particles directly ionizing neutrals in the coma. This could affect the balance between production 
and loss rates of neutrals. Being at a relatively close distance to the comet nucleus, however, ionization as a 
loss process is generally expected to be limited; this becomes more important at larger cometary distances 
(e.g., Heritier et al., 2018) and also depends on heliocentric distance.

2.  Energetic particles reaching the comet surface, and striking dust grains, resulting in more surface activity 
(sputtering). This would increase neutral populations which also leads to more ionization and pickup ions.

In addition, two other processes could have affected the inner coma during the initial part of the event on 6 
and 7 March: ICME AB's presence in the vicinity could have compressed the cometary coma, which may have 
increased the plasma density, and could also have contributed to increased ionization rates through increased 
electron impact ionization. Furthermore, the observations at the time of the reported infant bow shock crossings 
include proton heating, sudden increases in magnetic field strength, and an increase in suprathermal electron flux 
as described in detail by Gunell et al. (2018). As these observed features coincide with the most intense parts of 
the SEP event it is difficult to discern which observations at these specific times are directly linked to specific 
processes. The SEP event may have intensified the infant bow shock observations, or enhanced this early stage 
of the shock formation. The combination of the SEP and ICME may also have moved the cometary infant bow 
shock closer to the observation point (Rosetta's location), thereby making the signatures clearer. The recon-
structed upstream solar wind speed shown in Figure 3c confirms high upstream solar wind speeds reaching above 
700 km/s for this time period.

4. Upstream of the Comet
4.1. Observations of Potential SEP Sources at the Sun

A number of CMEs can be seen emerging from the Sun on 6 March throughout the day. Their characteristics 
are summarized in Table 2, which is an extract from the SOHO/LASCO CME catalog (SOHO/LASCO CME 
catalog entries: https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2015_03/univ2015_03.html, Gopalswamy 
et al., 2009). The table also includes some earlier CMEs; we refer to these later in this manuscript. There were two 
more recorded CMEs later on 6 March 2015, however they were listed as “very poor events” and are therefore not 
shown here. The outer image in Figure 5a (SOHO/LASCO image) shows the first signs of CME D at 04:49 UT 

CME
First C2 appearance time 

(UT)
Central PA 

(deg)
Angular width 

(deg)
Linear speed 

(km/s)
Second-order speed at 

final height (km/s) Notes and references

A 28 February 21:36:05 Halo 360 999 667 A starts to merge with B at Rosetta's 
location

B 1 March 17:00:06 303 87 387 392 A's shock arrives at 67P on 5 March

C 3 March 21:38:43 56 56 453 418

D 6 March 04:38:50 95 155 812 1,103 Associated with 4:14 UT flare and 
∼4:30 UT type III radio burst

E 6 March 07:12:05 83 275 880 1,125 Associated with 6:55 UT flare and 
∼8:00 UT type II radio burst

D merges with E shortly after their 
eruptions. DE studied by MAVEN 
(Jakosky, Grebowsky, et al., 2015). 

DE's shock is main source of SEP event

F 6 March 11:12:05 87 77 660 783

G 6 March 20:48:05 72 79 386 341

Note. The CME labels (A–G) are for the purpose of this study only. C2 refers to the SOHO LASCO C2 coronagraph.

Table 2 
Coronal Mass Ejections (CMEs) Observed by SOHO LASCO in Late February–Early March 2015 Which Are Relevant to This Study (Parameters Are From SOHO 
LASCO CME Catalog (Gopalswamy et al., 2009))
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on the Eastern limb of the Sun. CME E then follows CME D only a few hours later as shown in Figures 5b and 5c 
where it can be seen together with CME D. E's first appearance was recorded at 07:12 UT (Figure 5b). These two 
CMEs likely interacted with each other and merged because they left the Sun in close succession, and CME E 
was traveling faster than CME D.

According to the National Oceanic and Atmospheric Administration's Space Weather Prediction Center (NOAA 
SWPC)'s daily event list, which includes all significant flares and their heliocentric coordinates, there were two 
flares which can be linked to CMEs D and E, respectively: an M3.0 flare starting at 04:14 UT (4780 0414 0457 
0527 G15 5 XRA 1–8A M3.0 9.0E−02 2297) and an M1.5 flare starting at 06:55 UT (4800 0655 0815 0828 
G15 5 XRA 1–8A M1.5 6.8E−02 2297). Figure 6 shows how the timing of these flares' X-ray signatures (bottom 
panel, GOES SXR data) links to the CMEs (top panel, SOHO/LASCO CME height data). The vertical red and 
blue lines correspond to the 04:14 UT flare and 06:55 UT flare onset times, respectively, demonstrating that these 
coincide with the CME onset times at the height-time extrapolated to one solar radius (RS) due to these being 
limb events where the projection effects are minimal. The figure also shows that the solar source for CMEs A and 
B is the same (S20E87), which is in line with the two CMEs interacting efficiently (Gopalswamy et al., 2004).

Figure 5. (a) Outer image: SOHO/LASCO C2 difference image showing the first signs of coronal mass ejection (CME) D 
emerging from the Sun at 04:49 UT. Inner image: SDO/AIA 193 difference image at 04:28 UT. (b) Outer image: SOHO/
LASCO C2 difference image showing CME D and first signs of CME E emerging from the Sun on 6 March 2015 at 
07:12 UT. (c) Outer image: SOHO/LASCO C2 difference image showing CMEs D and E emerging from the Sun on 6 March 
2015 at 08:00 UT. (d) WIND WAVES radio spectrogram showing frequency on the vertical axis and UT time (on 6 March 
2015) on the horizontal axis. The large structures starting at approximately 03:00 and 04:30 UT are two type III radio bursts. 
The latter was associated with CME D and the 4:14 UT flare. The slowly drifting feature just after 08:00 UT marked by the 
orange circle is a type II radio burst associated with CME E. There were no significant type III radio bursts associated with 
CME E and the associated 6:55 UT flare.
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The WIND mission's WAVES instrument measures radio disturbances to track radio bursts from Earth orbit. 
Figure  5d (created using the NASA CDAW service: https://cdaw.gsfc.nasa.gov/movie/make_javamovie.
php?img1=lasc2rdf%26img2=wwaves%26date=20150306) shows two large structures, starting at ∼03:00 and 
∼04:30 UT, which are visible at almost all frequencies but broader at the lower end. These are type III radio bursts 
and the latter is linked to the 04:14 UT flare and CME D. The WIND WAVES observations also show a type II 
radio burst just after 08:00 UT (highlighted by the orange circle), which is close in time to CME E's first appear-
ance at 7:12 UT. Such bursts are generated by accelerated electrons at shocks, which in this case is evidence for 
the presence of a shock front driven by CME E; this is crucial information in terms of determining the source 
of the SEP event. We note that type II bursts typically occur together with type III bursts, however this is not 
always  the case because open field lines are not always present to carry the flare accelerated electrons. In this 
case no type III radio bursts were observed that could be associated with CME E. We also note that the frequency 
range of the type II burst indicates the distance to the Sun was only a few solar radii, therefore this likely occurred 
before CME E merged with CME D. No other type II radio bursts were observed on 6 March, indicating that there 
is no direct evidence for shocks driven by any of the other CMEs.

4.2. ENLIL Simulation

ENLIL (Odstrcil, 2003) is a large scale, physics based prediction model of the heliosphere used by the Space 
Weather Forecast Office (http://helioweather.net/). Figures 7 and 8 show plots from an ENLIL simulation during 
1–9 March 2015, including a number of prominent ICMEs during this period. The full video clip is also available 
(http://helioweather.net/archive/2015/03/. Also see ENLIL run https://ccmc.gsfc.nasa.gov/database_SH/Leila_
Mays_122116_SH_2.php). The area shown is the inner heliosphere, with the inner planets and also the STEREO 
spacecraft (STA and STB). The color scale indicates simulated solar wind velocities, and the date and time is 
shown in the top left corner of each panel.

Figure 6. Top panel: SOHO LASCO data showing coronal mass ejection (CME) height including CMEs D and E on 6 March 2015 highlighted in the yellow box. 
Bottom panel: GOES SXR data showing two clear flare signatures associated with CMEs D and E. The flare onset times on 6 March 2015 at 04:14 and 06:55 UT are 
marked by the red and blue vertical lines, respectively, and indicate how these are linked to CMEs D and E. Data from Lasco catalog.
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The ICMEs labeled A and B can be seen emerging from the Sun on 1 March 2015. ICME B probably caught 
up with ICME A around 1 AU from the Sun and they started to interact and/or merge near Rosetta's location. 
ICMEs A and B encountered the STEREO A spacecraft in close succession on 2 and 3 March, respectively (data 
not shown here, the detailed study of these two ICMEs is the focus of a future study in preparation). ICME C 
emerged from the Sun on 3/4 March but traveled in a different direction. ICMEs D and E (Figure 8) appear as 
one large, merged ICME and can first be seen between 04:00 and 06:00 UT on 6 March. They correspond to the 
CMEs shown in Figure 5. The merged ICME DE can then be seen continuing to travel toward Venus; it never 

Figure 7. ENLIL simulations of the inner Solar System Part 1: 1–5 March 2015. The Sun is in the center and the color scale indicates simulated solar wind velocities. 
Date and time are shown in the top left corner of each panel, in UT. The STEREO spacecraft (STA and STB) are shown, as well as major interplanetary coronal mass 
ejections (ICMEs) (structures surrounded by black solid curved lines). Parker Spiral magnetic field lines that connected the Sun and the STEREO spacecraft, and the 
Sun and Earth, are shown as black and white lines. The added red line indicates the trajectory of comet 67P, including its perihelion position, its position on 6 March 
2015 and the direction toward perihelion. An additional magnetic field line has been added (spiral black solid line) to demonstrate a nominal Parker Spiral field line 
crossing the location of the comet. Some ICMEs relevant to this study are marked using capital letters; their characteristics are summarized in Table 2.
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encountered the STEREO A and Rosetta spacecraft. ICMEs F and G do not appear in this simulation due to their 
smaller size and lower speed.

67P encountered ICME AB's Eastern flank on 5/6 March2015: ICME AB's shock arrived at Rosetta on 5 March 
at 21:25 UT (vertical blue dashed line in Figures 2–4). In addition, Jakosky, Grebowsky, et al. (2015) describe 
the interaction of an ICME with the Martian atmosphere using MAVEN data (also see Curry et al., 2015; Duru 
et al., 2017). They report that the ICME reached Mars on 8 March 2015 and identified it as the merged ICME we 
refer to here as DE. It therefore arrived at Mars slightly earlier than the predicted date (the morning of 9 March 

Figure 8. ENLIL simulations of the inner Solar System Part 2: 6–9 March 2015. The Sun is in the center and the color scale indicates simulated solar wind velocities. 
Date and time are shown in the top left corner of each panel, in UT. The STEREO spacecraft (STA and STB) are shown, as well as major interplanetary coronal mass 
ejections (ICMEs) (structures surrounded by black solid curved lines). Parker Spiral magnetic field lines that connected the Sun and the STEREO spacecraft, and the 
Sun and Earth, are shown as black and white lines. The added red line indicates the trajectory of comet 67P, including its perihelion position, its position on 6 March 
2015 and the direction toward perihelion. An additional magnetic field line has been added (spiral black solid line) to demonstrate a nominal Parker Spiral field line 
crossing the location of the comet. Some ICMEs relevant to this study are marked using capital letters; their characteristics are summarized in Table 2.
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2015) by the ENLIL model. However, the model results show that only the 
Eastern flank (i.e., the left part in this figure) of the ICME encountered Mars, 
and that the central part passed the Martian orbit on 8 March. It is therefore 
possible that the timing is actually accurate, but the modeled direction of the 
ICME is slightly off and  the central part of the ICME did encounter Mars 
directly. This appears to be in line with the observed substantial effects on 
Mars as described by Jakosky, Grebowsky, et al. (2015).

The black and white lines show Parker Spiral magnetic field lines that connect 
the Sun and the STEREO spacecraft, and the Sun and Earth. We added red 
lines showing the path of 67P in the heliosphere, including its location on 6 
March 2015 when Rosetta was 2.15 AU from the Sun. We also added a nomi-
nal Parker Spiral magnetic field line (black solid line) that crossed the loca-
tion of the comet on 6 March to demonstrate what the comet may have been 
magnetically connected to in addition to the Sun, such as the leading edge of 
ICME DE. At a solar wind speed of 400 km s −1, the path length of this spiral 
is 3.42 AU. The actual magnetic field lines connecting, for example, ICME 
DE and Rosetta, would be disturbed by the ICME, and would not be a neat 
spiral as shown, however this is difficult to model accurately.

4.3. Observations of SEP Event at STEREO A and Mars

The position of the STEREO A spacecraft is indicated in Figures 7 and 8 as STA. Energetic particle observations 
from the SEPT instrument are shown in Figure 9. The data range spans 5–12 March 2015 and the energy channel 
shown is 2,224–6,500 keV ions coming from sunward directions (red) and anti sunward directions (blue). The 
measurements contain several data gaps because of the greatly reduced telemetry rates during STEREO's supe-
rior conjunction where their high gain antennas had to point at an angle a few degrees away from Earth. A clear 
and significant increase in ion intensity can still be observed starting on 6 March 2015 (DOY 65). The intensity 
then gradually returns to previous levels by 11 March 2015 (DOY 69). The directional information also shows 
an anisotropic distribution, with a higher intensity of protons coming from a sunward direction. The timing and 
duration of this event therefore suggest that the source is likely the same as that of the SEP event observed at 
Rosetta. Figure 10 shows SEP flux-time profiles of this event from the STEREO A LET, HET, and SEPT instru-
ments. Note that these are beacon data which is a low rate, highly compressed telemetry data mode. We further 
characterize this event at the end of Section 4.4.

Jakosky, Grebowsky, et al.  (2015)'s study of ICME DE also discusses observations of SEPs using MAVEN's 
SEP instrument. Figure 1 in Jakosky, Grebowsky, et al. (2015) shows that MAVEN initially observed a moder-
ate increase in low energy SEPs (mostly 10s of keV) starting in the afternoon of 6 March, after which a major 
>1 MeV SEP event (marked E3 in their figure) reached Mars at 08:00 UT on 7 March. This is well ahead of the 
main ICME DE disturbance which arrived at 15:20 UT on 8 March (marked S4 in their figure), suggesting that 
these SEPs traveled to Mars, most likely via magnetic field lines, from the production source. The source in this 
case is likely to be a combination of the two flares, and the ICME shock front, as discussed further below.

At the time of ICME DE's arrival at MAVEN, a surge of SEPs were detected for a few hours, covering an energy 
range of 10s keV to a few MeV. These were directly associated with the ICME's shock accelerating particles 
locally. After the passage of the main front, the MAVEN SEP instrument continued to observe 10–100s keV 
energy ion populations and 10s keV energy electrons until approximately the end of 9 March during the passage 
of the remaining parts of the ICME. The intensity of these particles gradually decreased during this time period. 
Further observations of 10s keV ions and electrons on and after 9 March are likely associated with another flare 
on this date as marked in Jakosky, Grebowsky, et al. (2015)'s Figure 1. We show MAVEN SEP flux-time profiles 
from a selection of energy channels of this event in Figure 11. The vertical dashed line indicates when ICME DE's 
shock front arrived at MAVEN. We further discuss these profiles at the end of Section 4.4.

Figure 12 shows normalized Mars Odyssey HEND data and Mars Express ASPERA-3 IMA penetrating radiation 
spanning 3 days from the evening of 5 March 2015 to the evening of 8 March 2015. The penetrating radiation 
shown is the background counts recorded in the highest energy channels of the IMA sensor, similar to the way 

Figure 9. Solar Terrestrial Relations Observatory Ahead (STEREO A) Solar 
Electron and Proton Telescope (SEPT) data showing an increase in solar 
energetic particle ion flux during 6–11 March 2015. Directional information 
shows red data points coming from a sunward direction and blue data points 
coming from an anti-sunward direction.
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we used specific RPC-IES energy channels to study the penetrating radiation at Rosetta. These IMA background 
counts are the result of multiple factors, such as the impact of high energy particles, ultraviolet photon fluxes, 
electronic effects, data processing errors, or other unknown effects. In our case, since we are studying the propa-
gation of an SEP, energetic particles penetrating the instrument housing is the most probable scenario. Although 
we do not know the precise nature of the particles observed by HEND and the IMA penetrating radiation, and 
whether they are exactly the same types of particles, previous studies have shown that both instruments correlate 

Figure 10. Solar Terrestrial Relations Observatory Ahead (STEREO A) Solar Electron and Proton Telescope (SEPT), Low Energy Telescope (LET), and High Energy 
Telescope (HET) flux-time profiles of the solar energetic particle event during 5–14 March. The top, middle, and bottom panels show ion, proton, and electron data, 
respectively as indicated. The colors correspond to different energy channels as shown. Note these are lower rate beacon telemetry mode data.
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Figure 11. Mars Atmosphere and Volatile Evolution-Solar Energetic Particle (MAVEN-SEP) data of selected energy channels as indicated by the colors showing ion 
(top panel) and electron (bottom panel) flux-time profiles of the SEP event at Mars. The vertical dashed line (15:20 UT on 8 March) marks the arrival of interplanetary 
coronal mass ejection DE's shock at MAVEN.

Figure 12. Normalized Mars Odyssey High Energy Neutron Detector (HEND, light blue) and Mars Express (MEX) Analyzer of Space Plasma and Energetic Atoms 
Ion Mass Analyzer (ASPERA-3) penetrating radiation (dark blue) data during the evening of 5 March 2015–evening of 8 March 2015. Both data sets are sensitive to 
energetic particles, mostly in the 100s keV+ energy range, and show a solar energetic particle event during approximately 6 March (afternoon)–8 March (evening), that 
is, before and during the passage of major interplanetary coronal mass ejection DE.
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very well during space weather events at Mars (e.g., Jiggens et al., 2019; Morgan et al., 2014). The correlation 
between the data sets shown in Figure 12 is high and demonstrates a significant increase in SEP intensity from 
approximately the afternoon of 6 March until the evening of 8 March. These observations therefore start slightly 
earlier than the MAVEN SEP observations, which is likely due to the instrument limitations as described above, 
and slightly different energy ranges. Nevertheless, MAVEN SEP, HEND, and Mars Express IMA observations 
generally agree well in that a significant energetic particle event was observed at Mars starting on 6 March, that 
is, well before the arrival of ICME DE, which was likely the main source of the SEP event.

4.4. SEP Source Discussion

Based on the observations and simulations presented we now consider and discuss possible sources of the SEP 
event observed by Rosetta. The energetic particles observed by Rosetta's SREM instrument are highly unlikely 
to have been produced locally due to the lack of a local event that could have accelerated particles to such high 
energies. Gunell et al. (2018) describe Rosetta RPC observations on 7 March 2015 associated with the formation 
of an infant bow shock. Earlier studies of comet encounters in the Giotto era (e.g., Galeev, 1991) showed that even 
comets with fully developed bow shocks did not produce particles in excess of 500 keV. Therefore any infant bow 
shocks present on 7 March 2015 are highly unlikely to have been the source of protons with energies >12 MeV 
and electrons with energies >0.65 MeV observed here. It is possible that some particles were accelerated to 
lower energies, however it is more likely that the presence of the SEP event observed, together with ICME AB, 
enhanced the formation of these infant bow shock signatures, as discussed in Section 3.

Part of ICME AB (most likely its Eastern flank as described above) encountered the 67P environment on 5/6 
March and may have contributed to some particle acceleration and some of the observed magnetic field obser-
vations. Myllys et al. (2021) report the ICME's shock arriving at 21:25 UT on 5 March, which is in line with 
RPC-MAG observations shown above. In cases where a CME is the SEP source, the SEPs are produced at the 
CME shock. Therefore the SEPs can be observed before the arrival of the CME shock (because they travel much 
faster than the CME itself), and during the arrival of the shock, but not afterward. We cannot see any enhance-
ment in the SREM or IES penetrating radiation data on 5 March. The main SEP event onset observed in this study 
took place over one whole day after the arrival of the shock, and lasted until the end of 9 March. It is therefore 
unlikely that ICME AB was the source of this SEP event. Furthermore, the SEP event signatures observed at 
STEREO A and Mars would not be associated with a production mechanism local to Rosetta due to the lack of 
direct magnetic connections between these locations. The events at STEREO A and Mars took place on and after 
6 March, at which time ICME AB had already reached much larger distances from the Sun than STEREO A and 
Mars.

We therefore deduce that the production source of the SEPs is a remote location with a magnetic connection 
to all SEP event observation sites at Rosetta, STEREO, and Mars. CME C is unlikely to have been associated 
with any shocks intense enough to accelerate particles to the observed energies considering its modeled size and 
velocity, and also the lack of any type II radio burst observation in Wind Waves data that could be associated with 
it. According to the ENLIL simulations it is also unlikely to have had a magnetic connection to STEREO after 
the end of 6 March 2015, which is when the SEP event was only starting. Nevertheless, it is possible that CME C 
may have contributed to some of the observed SEP counts.

The 4:14 UT solar flare described above is likely to be directly or indirectly linked to the production of the 
SEPs observed at Rosetta, STEREO A, and Mars. The ENLIL simulations demonstrate that nominally, magnetic 
connections were present between the side of the Sun where the flare occurred and the observation sites at 
Rosetta, STEREO A and Mars. In addition, the timing of the SEP onsets at STEREO A and Rosetta is consistent 
with the flare time stamp and travel times of energetic particles via Parker field lines.

However, the actual SEP event observations at Rosetta, STEREO A, and Mars appear to also share characteris-
tics with the gradual event category (associated with production at CME shocks). The prolonged duration of the 
event together with the observed proton anisotropy at STEREO A is a strong indicator that the flare is unlikely 
to be the main source of the particles for the entire event; flares typically only produce SEPs for minutes up to 
a few hours. Acceleration areas of flare sites on the Sun are also generally small and therefore accelerated parti-
cles propagate out to a relatively narrow spread in the heliosphere because only a limited number of magnetic 
field lines are connected to the small acceleration region. Such magnetic field lines are therefore not likely to 
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connect to a broader spread in the interplanetary medium. Rosetta and STEREO A were reasonably well aligned 
radially, but not “magnetically”, that is, their magnetic connections to the Sun were via different magnetic field 
lines. Mars, on the other hand, was further apart from Rosetta and STEREO in terms of longitudinal separation 
as shown in the ENLIL figures, but closer in magnetic field alignment with Rosetta. We note that SEPs can also 
scatter across field lines, however the fact that the observations at STEREO A are anisotropic suggest that this 
is not the case for the majority of SEPs detected. The most likely candidate for an additional main source of the 
SEPs is the merged CME DE. Based on our analysis above, the original CME E is associated with the type II 
radio burst shown in Figure 5d which infers the presence of a shock front associated with this CME. Jakosky, 
Grebowsky, et al. (2015)'s observations of ICME DE using MAVEN data at Mars also confirm the presence of a 
shock producing energetic particles. ICME DE's shock front is consistent with the production of particles reach-
ing the observed energies. It is also consistent with the more gradual nature of the SEP events observed, and the 
longer duration; the ENLIL simulations demonstrate that magnetic connections between the front of ICME DE 
and the SEP observations sites are nominally present for the duration of the events, and also likely even if this 
particular ENLIL run is not fully accurate. Therefore the shock could have continuously accelerated particles 
which then traveled to the observation sites. The relatively large angular size of the shock front creates a much 
larger acceleration region to which magnetic field lines can be connected and therefore allow energetic particles 
to propagate out to a broader spread in the interplanetary medium. This can therefore include Mars before the 
arrival of the ICME there, but also the STEREO A and Rosetta observations sites, without this ICME ever being 
in their immediate vicinity.

Furthermore, the fact that ICMEs D and E interacted and very likely merged may have enhanced the shock 
(Dresing et al., 2018) which was originally driven by CME E. This type of interaction between ICMEs can also 
lead to an intensification of particle acceleration (Li et al., 2012), which is in line with seeing relatively high 
energy particles being produced for such a prolonged period of time, and Jakosky, Grebowsky, et al. (2015)'s 
description of this ICME being “one of the strongest ever observed at Mars.” In addition, ICMEs elsewhere in the 
interplanetary medium can have a strong influence on SEP transport such as facilitating the spread of particles 
over broad longitudes (Palmerio et al., 2021). Considering ICME AB's trajectory and encounter with 67P, it is 
likely that its presence promoted the transport of SEPs to Rosetta from ICME DE and enhanced particle fluxes.

The ENLIL model run we presented gives a general idea where magnetic connections might be present, and 
approximate locations of the ICMEs. We have also considered other ENLIL runs where ICME trajectories turn 
out to be very similar, and with magnetic connections that support our theory outlined above. We note that 
although these runs are based on magnetograms and Potential Field Source Surface extrapolations (that is, they 
are observation based), the CME variables are entered manually and therefore strongly depend on the avail able 
data. Despite the limitations of these simulations, they strongly support our theory because even if the ICME 
trajectories are slightly different, or their speeds and therefore the timings slightly different, clear magnetic 
connections between DE's shock and the SEP observations are still very likely and therefore CME DE together 
with the flares on 6 March are still the most likely sources to have produced the observed SEP events.

SREM fluxes show that the electron SEP onset time at Rosetta is a few hours earlier for electrons than for protons. 
This is consistent with electrons traveling faster along field lines: For electrons and ions that are produced at the 
same time and location at the CME shock, electrons will arrive at the observation point earlier than the ions. 
The electron and ion penetrating radiation also showed a slight increase in intensity above the background level 
before the SREM proton onset; the reason for this in unclear, however it may be related to instrumental effects 
such as different pointing. Lower energy observations are also linked to higher intensities and are therefore easier 
to detect above background levels, which also vary for different channels. In addition, it is possible that some of 
the electrons and protons are injected at different locations at the shock.

The variability observed in the SEP events (such as the initial peak followed by a local trough and then a higher 
intensity peak) can be a signature of slight changes in magnetic connectivity and further points toward a broader 
source region such as an ICME. The magnetic connection allowing energetic particles to travel from the source is 
constantly in motion and can therefore move from a region where particle acceleration is efficient and intense to, 
for example, where it is more moderate or even completely absent. This can also happen more readily where the 
source region is dynamic and broad, such as an ICME shock.

Another reason for the variability could be the presence of flux tubes in the interplanetary medium with varying 
scattering conditions. Flux tubes with more scattering will cause particle fluxes to be more evenly distributed 
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along field lines. When a remote observer enters such a flux tube, a drop in particle intensity can be observed. In 
order to disentangle the precise reasons, directional detection capabilities to check for local anisotropies would 
be required at Rosetta. Similarly, the slight differences in timing and energy of the observed SEP event at Mars 
prior to the arrival of the ICME by MAVEN SEP, Mars Odyssey HEND, and Mars Express ASPERA-3's IMA 
penetrating radiation, in addition to instrument limitations and differences in energy coverage as discussed above, 
may also be related to varying degrees of the magnetic connectivity to ICME DE's shock and possibly the flares 
as a result of being in physically different Martian orbital locations.

We can explore some more basic characteristics of the SEP event by comparing the intensity-time profiles 
at different heliocentric longitudes. In order to do this we need to compare data in the same energy range. 
The STEREO A LET and MAVEN SEP instruments have some channels whose energy ranges over-
lap, such as the 6–12  MeV  STEREO  A  LET  proton  channel  (Figure  10, second panel, green trace), and the 
5.8–7.6 MeV MAVEN SEP  ion channel  (Figure 11, top panel, gray/brown trace). The onset time and duration 
(approximately 5–6 days) of these profiles look similar. Considering the relatively large longitudinal separation 
between STEREO A and MAVEN, this is somewhat unexpected. Typically, SEP events with longitudinal separa-
tions on this scale tend to have different profiles depending on how well the observation point is connected to the 
shock front, and to which part of the shock front the observation point is connected, as described by, for example, 
Lario and Simnett (2004). These relatively similar profiles suggest that both STEREO A and MAVEN had reason-
ably good magnetic connections to ICME DE's shock and that the particle production mechanisms locally at the 
shock were similar. However, despite the fact that MAVEN actually encountered ICME DE, the SEP rise phase 
observed at STEREO A appears to be more intense and with a higher peak flux of 102 cm 2 sr s MeV −1 compared 
to 27 cm 2 sr s MeV −1 at MAVEN. Note that the energy ranges of these channels are not an exact match, with the 
STEREO A LET channel covering a larger range. Nevertheless, these points indicate that STEREO A may have had 
a connection to a more efficient particle acceleration site at the shock front such as ICME DE's nose. This is roughly 
in agreement with the ENLIL model shown above, which indicates that a connection between STEREO A and the 
nose of ICME DE would have been possible when ICME DE was still relatively close to the Sun (see the two top 
panels of Figure 8 on 6 March with UT times as shown). At this relatively early time in the ICME's life cycle the 
particle acceleration mechanisms at the shock front would have also been at a more efficient stage, which is also in 
line with the more intense rise phase observed at STEREO A. MAVEN, on the other hand, may have been connected 
to the nose of ICME DE at a slightly later stage of ICME DE's life cycle, such as the bottom left panel of Figure 8 
on the morning of 7 March. This would also explain the slightly prolonged maximum intensity phase observed at 
MAVEN from just before midday on 7 March until the arrival of the ICME in the afternoon of 8 March.

Unlike the higher energy ion channels, MAVEN SEP's lower energy ion channels (approximately <1.1 MeV) do 
not show a significant intensity increase before the arrival of the shock. This may indicate that a prior structure in 
the solar wind, or perhaps even in the Martian ionosphere, prevented these ions from reaching MAVEN remotely 
via magnetic field lines. They were then detected as the production source (i.e., the shock) arrived at MAVEN and 
produced these SEPs locally. This structure does not appear to be present at STEREO A: Similar SEPT energy 
channels (Figure 10, top panel, blue, yellow, and green traces) do show elevated intensities throughout the event 
compared to the background levels afterward. However, the lower energy channels do not show very sharp rise 
phases, especially at the lowest energies observed. We note that SEP intensities at STEREO A just before the SEP 
event discussed here were still slightly above nominal background levels due to the passage of ICMEs A and B 
during 2–4 March. The presence of ICMEs A, B, and C may have had an effect on SEP transport from ICME DE. 
This could include a particle reservoir effect (e.g., Y. Wang et al. (2021), Anastasiadis et al. (2019), and references 
therein) in the inner heliosphere which may also have contributed to the prolonged duration of the SEP event at 
STEREO A and Mars.

We can also compare some basic characteristics of selected STEREO A HET and Rosetta SREM channels that 
have some overlapping energy ranges. The shape of STEREO A's HET 13–21 MeV proton intensity-time profile 
(blue trace, middle panel of Figure 10), and Rosetta's SREM 14.5 MeV proton profile (black trace, Figures 2–4) 
is similar with a similar onset time; the STEREO onset time is approximately 2 hr earlier than Rosetta, in line 
with STEREO A being closer to the source. This suggests that STEREO A and Rosetta may have been connected 
to similar proton production locations at ICME DE's shock front. It is also possible that the magnetic field lines 
connecting Rosetta and ICME DE's shock were moved closer to STEREO as a result of ICME C's presence. In 
Figure 8, an example of this would be that the nominal field line connecting Rosetta and ICME DE would be bent 
around ICME C's Eastern flank, that is, toward STEREO A's location/the top of the page. A slightly different 
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ENLIL run (http://helioweather.net/) demonstrates such a scenario. Some differences between these STEREO A 
HET and SREM proton profiles include a slightly longer duration at STEREO A where the event lasted about 
5 days which is over a day longer than at Rosetta, indicating that Rosetta's connection to the shock lasted a shorter 
period of time. We can also see a significantly higher peak intensity at STEREO A, but note that the energy 
channels discussed here do not have closely matching energy ranges with the 13–21 MeV HET channel covering 
a larger range than the 14.5 MeV SREM channel. The higher peak intensity may indicate that STEREO A was 
connected to a more efficient proton production site at the shock location such as the ICME's nose.

STEREO A's HET 0.7–4.0 MeV electron channel shown in the bottom panel of Figure 10 also overlaps with the 
Rosetta SREM electron channels shown in Figures 2–4 (magenta and blue traces). The early rise phase at Rosetta 
is more gradual than at STEREO A, therefore STEREO A likely had a better connection to an electron production 
site at the shock at this point. After these initial differences, the rest of these channels' profile shapes are similar. 
The SREM CH2 peak intensity is higher, however the overall intensity increase is just under 1 order of magnitude 
which is considerably less than the 2 orders of magnitude increase observed with STEREO A HET, therefore this 
trend is not clear. These electron profiles also have similar onset times, with electrons arriving at STEREO A 
slightly earlier than at Rosetta as expected due to shorter travel distances from the shock.

5. Summary
We presented observations of an SEP event detected at Rosetta's target comet 67P, STEREO A and Mars during 
6–10 March 2015. At the same time the comet also encountered the Eastern flank of a massive ICME (referred 
to as AB in this study). The Rosetta spacecraft was deep inside the comet coma during the event, which allowed 
us to study the coma's response. This included an increase in observed electron and ion fluxes which is likely 
linked to increased ionization rates and possibly increased surface activity; this type of response may affect the 
production and loss balance of neutral populations. An increase in ionization rates can remove neutral popula-
tions, although this is unlikely to be significant at the location of Rosetta in this study; this effect is expected to be 
more significant at larger distances from the comet. An increase in surface activity (sputtering) on the other hand 
increases local neutral populations. Increases in He + to alpha particle flux ratios during the event as a result of 
more charge exchange reactions between the comet's neutral population and solar wind ions indicate an increased 
neutral population, further pointing toward increased surface activity due to SEP induced sputtering.

The most intense parts of the SEP event at 67P coincided with observations related to the formation of an early 
stage cometary bow shock (Gunell et al., 2018), suggesting that the SEP event may have enhanced the associated 
processes. The presence of ICME AB together with the SEP event may also have affected the magnetospheric 
structure, with the cometopause having been pushed further inward toward the nucleus and closer to the obser-
vation point (Rosetta's location). Our observations of relatively high energy cometary water group pickup ions 
are comparable to non-gyrotropic early phase pickup distributions seen by Giotto at comet 26P/Grigg-Skjellerup, 
which was a more active comet when encountered than 67P was during the period studied here. While observa-
tions of some pickup ion acceleration were not uncommon throughout the Rosetta mission (Nilsson et al., 2017), 
water group ions during this SEP event exceeded 1 keV. Such high energy pickup ions are also consistent with 
changes in the structure of the cometary magnetosphere predicted by modeling.

Furthermore, the electron density recorded by the RPC-MIP instrument was increased up to 600 cm −3 at the 
onset of the SEP event. Enhanced Langmuir waves, which are usually created via bump-on-tail instabilities when 
a keV electron beam streams through the plasma, were detected coincident with the SEP onset. The presence of 
SEPs created remotely at ICME shocks may therefore be linked to Langmuir wave activity in cometary environ-
ments. It is also possible the SEPs caused extreme surface charging as has been observed on the Moon (Halekas 
et al., 2009), which can cause surface-originating electron beams consistent with intense Langmuir wave activity.

We also studied possible sources of the SEP event and discussed its wider relevance in the inner solar system. We 
demonstrated that considering the gradual and anisotropic nature of the event, its long duration and broad angular 
spread in the heliosphere, the main particle acceleration source was a massive ICME (labeled DE in this study). 
This ICME emerged from the Sun in the morning of 6 March 2015 and originally consisted of two separate 
CMEs which later merged. These CMEs are linked to two solar flares with onset times at 04:14 and 06:55 UT 
on 6 March 2015. The flares may have contributed to the initial production of SEPs, but could not have been 
the main driver for the entire event. ICME DE itself never encountered Rosetta and STEREO A directly; it was 
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observed in situ in the Martian ionosphere on 8 March 2015 (Jakosky, Grebowsky, et al., 2015). Particles were 
continuously produced at ICME DE's shock for several days. We used ENLIL simulations to show that magnetic 
field line connections between this production site and STEREO, Mars, and Rosetta were probably present and 
therefore the SEPs likely propagated along these magnetic field lines to the in situ observation sites. Transport 
to Rosetta may also have been enhanced by ICME AB's presence in the inner solar system and proximity to 67P.

Data Availability Statement
•  ENLIL simulation runs: http://helioweather.net/archive/2015/03/.
•  Mars Odyssey HEND data: NASA's PDS archive https://pds-geosciences.wustl.edu/missions/odyssey/index.htm.
•  Mars Express ASPERA-3 IMA data: http://rhea.umea.irf.se/∼peje/mex/hk/bkg/.
•  MAVEN data: Planetary Plasma Interactions Node of NASA's PDS database https://pds-ppi.igpp.ucla.edu.
•  Rosetta SREM and RPC data: ESA's PSA https://archives.esac.esa.int/psa/%23%21Table%20View/

Rosetta%3Dmission.
•  SOHO LASCO and SDO/AIA images, WIND WAVES radio spectrogram: CDAW Data Center https://cdaw.

gsfc.nasa.gov/movie/make_javamovie.php?img1=lasc2rdf&img2=wwaves&date=20150306.
•  SOHO LASCO CME catalog: CDAW Data Center https://cdaw.gsfc.nasa.gov/CME_list/index.html.
•  STEREO data: NASA's Coordinated Data Analysis Web (CDAWeb) database https://cdaweb.gsfc.nasa.gov/

index.html/.
•  STEREO SEPT level 2 data: University of Kiel http://www2.physik.uni-kiel.de/stereo/index.php?doc=data.

References
Alho, M., Jarvinen, R., Simon Wedlund, C., Nilsson, H., Kallio, E., & Pulkkinen, T. I. (2021). Remote sensing of cometary bow shocks: Modelled 

asymmetric outgassing and pickup ion observations. Monthly Notices of the Royal Astronomical Society, 506(4), 4735–4749. https://doi.
org/10.1093/mnras/stab1940

Alho, M., Simon Wedlund, C., Nilsson, H., Kallio, E., Jarvinen, R., & Pulkkinen, T. I. (2019). Hybrid modeling of cometary plasma environ-
ments. II. Remote-sensing of a cometary bow shock. Astronomy & Astrophysics, 630, A45. https://doi.org/10.1051/0004-6361/201834863

Anastasiadis, A., Lario, D., Papaioannou, A., Kouloumvakos, A., & Vourlidas, A. (2019). Solar energetic particles in the inner heliosphere: Status 
and open questions. Philosophical Transactions of the Royal Society A, 377(2148), 20180100. https://doi.org/10.1098/rsta.2018.0100

Barabash, S., Lundin, R., Andersson, H., Brinkfeldt, K., Grigoriev, A., Gunell, H., et al. (2006). The analyzer of space plasmas and energetic 
atoms (ASPERA-3) for the Mars express mission. Space Science Reviews, 126(1–4), 113–164. https://doi.org/10.1007/s11214-006-9124-8

Behar, E., Tabone, B., Saillenfest, M., Henri, P., Deca, J., Lindkvist, J., et al. (2018). Solar wind dynamics around a comet. A 2D semi-analytical 
kinetic model. Astronomy & Astrophysics, 620, A35. https://doi.org/10.1051/0004-6361/201832736

Berčič, L., Behar, E., Nilsson, H., Nicolaou, G., Stenberg Wieser, G., Wieser, M., & Goetz, C. (2018). Cometary ion dynamics observed in the 
close vicinity of comet 67P/Churyumov-Gerasimenko during the intermediate activity period. Astronomy & Astrophysics, 613, A57. https://
doi.org/10.1051/0004-6361/201732082

Burch, J. L., Goldstein, R., Cravens, T. E., Gibson, W. C., Lundin, R. N., Pollock, C. J., et al. (2007). RPC-IES: The ion and electron sensor of the 
Rosetta Plasma Consortium. Space Science Reviews, 128(1–4), 697–712. https://doi.org/10.1007/s11214-006-9002-4

Cane, H. V., Mewaldt, R. A., Cohen, C. M. S., & von Rosenvinge, T. T. (2006). Role of flares and shocks in determining solar energetic particle 
abundances. Journal of Geophysical Research, 111(A6), A06S90. https://doi.org/10.1029/2005JA011071

Carr, C., Cupido, E., Lee, C. G. Y., Balogh, A., Beek, T., Burch, J. L., et al. (2007). RPC: The Rosetta Plasma Consortium. Space Science Reviews, 
128(1–4), 629–647. https://doi.org/10.1007/s11214-006-9136-4

Chicarro, A., Martin, P., & Trautner, R. (2004). The Mars express mission: An overview. In A. Wilson & A. Chicarro (Eds.) Mars express: The 
scientific payload, (Vol. 1240, pp. 3–13).

Coates, A. J. (2016). Plasma measurements at non-magnetic solar system bodies. In Magnetosphere-ionosphere coupling in the solar system 
(pp. 259–275). American Geophysical Union (AGU). https://doi.org/10.1002/9781119066880.ch21

Coates, A. J., Johnstone, A. D., Wilken, B., & Neubauer, F. M. (1993). Velocity space diffusion and nongyrotropy of pickup water group ions at 
comet Grigg-Skjellerup. Journal of Geophysical Research, 98(A12), 20985–20994. https://doi.org/10.1029/93JA02535

Cohen, C. M. S., Li, G., Mason, G. M., Shih, A. Y., & Wang, L. (2021). Solar energetic particles. In Solar physics and solar wind (pp. 133–178). 
American Geophysical Union (AGU). https://doi.org/10.1002/9781119815600.ch4

Curry, S. M., Luhmann, J. G., Ma, Y. J., Dong, C. F., Brain, D., Leblanc, F., et al. (2015). Response of Mars O + pickup ions to the 8 March 2015 
ICME: Inferences from MAVEN data-based models. Geophysical Research Letters, 42(21), 9095–9102. https://doi.org/10.1002/2015GL065304

Desai, M., & Giacalone, J. (2016). Large gradual solar energetic particle events. Living Reviews in Solar Physics, 13(1), 3. https://doi.org/10.1007/
s41116-016-0002-5

Desai, R. T., Taylor, S. A., Regoli, L. H., Coates, A. J., Nordheim, T. A., Cordiner, M. A., et al. (2018). Cassini CAPS identification of pickup ion 
compositions at Rhea. Geophysical Research Letters, 45(4), 1704–1712. https://doi.org/10.1002/2017GL076588

Dresing, N., Gómez-Herrero, R., Heber, B., Klassen, A., Malandraki, O., Dröge, W., & Kartavykh, Y. (2014). Statistical survey of widely spread 
out solar electron events observed with STEREO and ACE with special attention to anisotropies. Astronomy & Astrophysics, 567, A27. https://
doi.org/10.1051/0004-6361/201423789

Dresing, N., Gómez-Herrero, R., Heber, B., Klassen, A., Temmer, M., & Veronig, A. (2018). Long-lasting injection of solar energetic electrons 
into the heliosphere. Astronomy & Astrophysics, 613, A21. https://doi.org/10.1051/0004-6361/201731573

Dresing, N., Gómez-Herrero, R., Klassen, A., Heber, B., Kartavykh, Y., & Dröge, W. (2012). The large longitudinal spread of solar energetic 
particles during the 17 January 2010 solar event. Solar Physics, 281(1), 281–300. https://doi.org/10.1007/s11207-012-0049-y

Acknowledgments
The authors thank the Space Weather 
Forecast Office for the use of the 
ENLIL model (http://helioweather.
net/). The SOHO LASCO CME catalog 
(Gopalswamy et al., 2009) consulted 
here was accessed https://cdaw.gsfc.nasa.
gov/CME_list/UNIVERSAL/2015_03/
univ2015_03.html and is generated and 
maintained at the CDAW Data Center 
by NASA and the Catholic University of 
America in cooperation with the Naval 
Research Laboratory. SOHO is a project 
of international cooperation between 
ESA and NASA. The authors acknowl-
edge the use of level 5 SREM data 
from the PDS: H. Evans, P. Nieminen, 
I. Sandberg, I. Daglis, and M. Taylor, 
ROSETTA-ORBITER X SREM 5 RVM1 
V1.0, RO-X-SREM-5-RVM1-V1.0, ESA 
Planetary Science Archive (PSA) and 
NASA Planetary Data System (PDS), 
2020. The authors thank M. Rubin and A. 
Klassen for useful discussions. AW, GHJ 
and AJC acknowledge support from the 
STFC consolidated Grants to UCL-MSSL 
ST/N000722/1, ST/S000240/1, and ST/
W001004/1. ND is grateful for support 
by the Turku Collegium for Science, 
Medicine and Technology of the Univer-
sity of Turku, Finland. CSW thanks the 
Austrian Science Fund (FWF) Project 
P32035-N36. BS-C is funded through 
UK-STFC Ernest Rutherford Fellowship 
ST/V004115/1 and STFC Grant ST/
W00089X/1. EP acknowledges NASA 
O2R Grant 80NSSC20K0285. The work 
of LT is supported by the Academy of 
Finland (Grant 322544). Work at LPC2E/
CNRS was supported by CNES and 
by ANR under financial Agreement 
ANR-15-CE31-0009-01. CG acknowl-
edges support from the ESA as an ESA 
Research Fellow.

 21699402, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030398 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://helioweather.net/archive/2015/03/
https://pds-geosciences.wustl.edu/missions/odyssey/index.htm
http://rhea.umea.irf.se/%7Epeje/mex/hk/bkg/
https://pds-ppi.igpp.ucla.edu
https://archives.esac.esa.int/psa/%23%21Table%20View/Rosetta%3Dmission
https://archives.esac.esa.int/psa/%23%21Table%20View/Rosetta%3Dmission
https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?img1=lasc2rdf%26img2=wwaves%26date=20150306
https://cdaw.gsfc.nasa.gov/movie/make_javamovie.php?img1=lasc2rdf%26img2=wwaves%26date=20150306
https://cdaw.gsfc.nasa.gov/CME_list/index.html
https://cdaweb.gsfc.nasa.gov/index.html/
https://cdaweb.gsfc.nasa.gov/index.html/
http://www2.physik.uni-kiel.de/stereo/index.php?doc=data
https://doi.org/10.1093/mnras/stab1940
https://doi.org/10.1093/mnras/stab1940
https://doi.org/10.1051/0004-6361/201834863
https://doi.org/10.1098/rsta.2018.0100
https://doi.org/10.1007/s11214-006-9124-8
https://doi.org/10.1051/0004-6361/201832736
https://doi.org/10.1051/0004-6361/201732082
https://doi.org/10.1051/0004-6361/201732082
https://doi.org/10.1007/s11214-006-9002-4
https://doi.org/10.1029/2005JA011071
https://doi.org/10.1007/s11214-006-9136-4
https://doi.org/10.1002/9781119066880.ch21
https://doi.org/10.1029/93JA02535
https://doi.org/10.1002/9781119815600.ch4
https://doi.org/10.1002/2015GL065304
https://doi.org/10.1007/s41116-016-0002-5
https://doi.org/10.1007/s41116-016-0002-5
https://doi.org/10.1002/2017GL076588
https://doi.org/10.1051/0004-6361/201423789
https://doi.org/10.1051/0004-6361/201423789
https://doi.org/10.1051/0004-6361/201731573
https://doi.org/10.1007/s11207-012-0049-y
http://helioweather.net/
http://helioweather.net/
https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2015_03/univ2015_03.html
https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2015_03/univ2015_03.html
https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/2015_03/univ2015_03.html


Journal of Geophysical Research: Space Physics

WELLBROCK ET AL.

10.1029/2022JA030398

25 of 27

Duru, F., Gurnett, D. A., Morgan, D. D., Halekas, J., Frahm, R. A., Lundin, R., et al. (2017). Response of the Martian ionosphere to solar activ-
ity including SEPs and ICMEs in a two-week period starting on 25 February 2015. Planetary and Space Science, 145, 28–37. https://doi.
org/10.1016/j.pss.2017.07.010

Edberg, N. J. T., Alho, M., André, M., Andrews, D. J., Behar, E., Burch, J. L., et al. (2016). CME impact on comet 67P/Churyumov-Gerasimenko. 
Monthly Notices of the Royal Astronomical Society, 462(Suppl 1), S45–S56. https://doi.org/10.1093/mnras/stw2112

Edberg, N. J. T., Eriksson, A. I., Odelstad, E., Vigren, E., Andrews, D. J., Johansson, F., et al. (2016). Solar wind interaction with comet 67P: Impacts 
of corotating interaction regions. Journal of Geophysical Research: Space Physics, 121(2), 949–965. https://doi.org/10.1002/2015JA022147

Edberg, N. J. T., Johansson, F. L., Eriksson, A. I., Andrews, D. J., Hajra, R., Henri, P., et al. (2019). Solar flares observed by Rosetta at comet 
67P/Churyumov-Gerasimenko. Astronomy & Astrophysics, 630, A49. https://doi.org/10.1051/0004-6361/201834834

Evans, H. D., Bühler, P., Hajdas, W., Daly, E. J., Nieminen, P., & Mohammadzadeh, A. (2008). Results from the ESA SREM monitors and 
comparison with existing radiation belt models. Advances in Space Research, 42(9), 1527–1537. https://doi.org/10.1016/j.asr.2008.03.022

Flammer, K. R., Jackson, B., & Mendis, D. A. (1986). On the brightness variations of comet Halley at large heliocentric distances. Earth, Moon, 
and Planets, 35(3), 203–212. https://doi.org/10.1007/BF00058065

Galeev, A. A. (1991). Plasma processes in the outer coma. In International Astronomical Union Colloquium, (Vol. 116, No. (2), pp. 1145–1169). 
Cambridge University Press. https://doi.org/10.1017/S0252921100012860

Galeev, A. A., Gribov, B. E., Gombosi, T., Gringauz, K. I., Klimov, S. I., Oberz, P., et al. (1986). Position and structure of the comet Halley bow 
shock: Vega-1 and Vega-2 measurements. Geophysical Research Letters, 13(8), 841–844. https://doi.org/10.1029/GL013i008p00841

Georgoulis, M. K., Papaioannou, A., Sandberg, I., Anastasiadis, A., Daglis, I. A., Rodríguez-Gasén, R., et al. (2018). Analysis and interpreta-
tion of inner-heliospheric SEP events with the ESA standard radiation environment monitor (SREM) onboard the INTEGRAL and Rosetta 
missions. Journal of Space Weather and Space Climate, 8, A40. https://doi.org/10.1051/swsc/2018027

Glassmeier, K.-H., Richter, I., Diedrich, A., Musmann, G., Auster, U., Motschmann, U., et al. (2007). RPC-MAG the fluxgate magnetometer in 
the ROSETTA plasma consortium. Space Science Reviews, 128(1–4), 649–670. https://doi.org/10.1007/s11214-006-9114-x

Goetz, C., Gunell, H., Johansson, F., LLera, K., Nilsson, H., Glassmeier, K.-H., & Taylor, M. G. G. T. (2021). Warm protons at comet 
67P/Churyumov-Gerasimenko–implications for the infant bow shock. Annales Geophysicae, 39(3), 379–396. https://doi.org/10.5194/
angeo-39-379-2021

Goetz, C., Koenders, C., Hansen, K. C., Burch, J., Carr, C., Eriksson, A., et al. (2016). Structure and evolution of the diamagnetic cavity at comet 
67P/Churyumov-Gerasimenko. Monthly Notices of the Royal Astronomical Society, 462(Suppl 1), S459–S467. https://doi.org/10.1093/mnras/
stw3148

Goetz, C., Tsurutani, B. T., Henri, P., Volwerk, M., Behar, E., Edberg, N. J. T., et  al. (2019). Unusually high magnetic fields in 
the coma of 67P/Churyumov-Gerasimenko during its high-activity phase. Astronomy & Astrophysics, 630, A38. https://doi.
org/10.1051/0004-6361/201833544

Goldstein, R., Burch, J. L., Mokashi, P., Broiles, T., Mandt, K., Hanley, J., et al. (2015). The Rosetta Ion and Electron Sensor (IES) measurement 
of the development of pickup ions from comet 67P/Churyumov-Gerasimenko. Geophysical Research Letters, 42(9), 3093–3099. https://doi.
org/10.1002/2015GL063939

Gopalswamy, N., Yashiro, S., Krucker, S., Stenborg, G., & Howard, R. A. (2004). Intensity variation of large solar energetic particle events asso-
ciated with coronal mass ejections. Journal of Geophysical Research, 109(A12), A12105. https://doi.org/10.1029/2004JA010602

Gopalswamy, N., Yashiro, S., Michalek, G., Stenborg, G., Vourlidas, A., Freeland, S., & Howard, R. (2009). The SOHO/LASCO CME catalog. 
Earth, Moon, and Planets, 104(1), 295–313. https://doi.org/10.1007/s11038-008-9282-7

Gronoff, G., Maggiolo, R., Cessateur, G., Moore, W. B., Airapetian, V., De Keyser, J., et al. (2020). The effect of cosmic rays on cometary nuclei. 
I. Dose deposition. The Astrophysical Journal, 890(1), 89. https://doi.org/10.3847/1538-4357/ab67b9

Gunell, H., Goetz, C., Wedlund, C. S., Lindkvist, J., Hamrin, M., Nilsson, H., et al. (2018). The infant bow shock: A new Frontier at a weak 
activity comet. Astronomy & Astrophysics, 619, L2. https://doi.org/10.1051/0004-6361/201834225

Hajra, R., Henri, P., Myllys, M., Héritier, K. L., Galand, M., Simon Wedlund, C., et al. (2018). Cometary plasma response to interplanetary coro-
tating interaction regions during 2016 June–September: A quantitative study by the Rosetta Plasma Consortium. Monthly Notices of the Royal 
Astronomical Society, 480(4), 4544–4556. https://doi.org/10.1093/mnras/sty2166

Halekas, J. S., Delory, G. T., Lin, R. P., Stubbs, T. J., & Farrell, W. M. (2009). Lunar surface charging during solar energetic particle events: 
Measurement and prediction. Journal of Geophysical Research, 114(A5), A05110. https://doi.org/10.1029/2009JA014113

Hansen, K. C., Altwegg, K., Berthelier, J. J., Bieler, A., Biver, N., Bockelée-Morvan, D., et  al. (2016). Evolution of water production of 
67P/Churyumov-Gerasimenko: An empirical model and a multi-instrument study. Monthly Notices of the Royal Astronomical Society, 462, 
S491–S506. https://doi.org/10.1093/mnras/stw2413

Heritier, K. L., Galand, M., Henri, P., Johansson, F. L., Beth, A., Eriksson, A. I., et al. (2018). Plasma source and loss at comet 67P during the 
Rosetta mission. Astronomy & Astrophysics, 618, A77. https://doi.org/10.1051/0004-6361/201832881

Honig, T., Witasse, O. G., Evans, H., Nieminen, P., Kuulkers, E., Taylor, M. G. G. T., et al. (2019). Multi-point galactic cosmic ray measurements 
between 1 and 4.5 AU over a full solar cycle. Annales Geophysicae, 37(5), 903–918. https://doi.org/10.5194/angeo-37-903-2019

Jakosky, B. M., Grebowsky, J. M., Luhmann, J. G., Connerney, J., Eparvier, F., Ergun, R., et al. (2015). MAVEN observations of the response of 
Mars to an interplanetary coronal mass ejection. Science, 350(6261), 0210. https://doi.org/10.1126/science.aad0210

Jakosky, B. M., Lin, R. P., Grebowsky, J. M., Luhmann, J. G., Mitchell, D. F., Beutelschies, G., et al. (2015). The Mars atmosphere and volatile 
evolution (MAVEN) mission. Space Science Reviews, 195(1–4), 3–48. https://doi.org/10.1007/s11214-015-0139-x

Jiggens, P., Clavie, C., Evans, H., O’Brien, T. P., Witasse, O., Mishev, A. L., et al. (2019). In situ data and effect correlation during September 
2017 solar particle event. Space Weather, 17(1), 99–117. https://doi.org/10.1029/2018SW001936

Johnstone, A. D., Coates, A. J., Huddleston, D. E., Jockers, K., Wilken, B., Borg, H., et al. (1993). Observations of the solar wind and cometary 
ions during the encounter between Giotto and comet Grigg-Skjellerup. Astronomy & Astrophysics, 273, L1–L4.

Jones, G. H., Roussos, E., Coates, A. J., & Crary, F. (2011). Surface charging of Saturn's moon Rhea. In EPSC-DPS joint meeting 2011, (Vol. 
2011, p. 1467).

Kaiser, M. L., Kucera, T. A., Davila, J. M., St. Cyr, O. C., Guhathakurta, M., & Christian, E. (2008). The STEREO mission: An introduction. 
Space Science Reviews, 136(1–4), 5–16. https://doi.org/10.1007/s11214-007-9277-0

Lario, D., & Simnett, G. M. (2004). Solar energetic particle variations. In Solar variability and its effects on climate. Geophysical monograph 141 
(Vol. 141, p. 195). https://doi.org/10.1029/141GM14

Larson, D. E., Lillis, R. J., Lee, C. O., Dunn, P. A., Hatch, K., Robinson, M., et al. (2015). The MAVEN solar energetic particle investigation. 
Space Science Reviews, 195(1), 153–172. https://doi.org/10.1007/s11214-015-0218-z

Li, G., Moore, R., Mewaldt, R. A., Zhao, L., & Labrador, A. W. (2012). A twin-CME scenario for ground level enhancement events. Space 
Science Reviews, 171(1), 141–160. https://doi.org/10.1007/s11214-011-9823-7

 21699402, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030398 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.pss.2017.07.010
https://doi.org/10.1016/j.pss.2017.07.010
https://doi.org/10.1093/mnras/stw2112
https://doi.org/10.1002/2015JA022147
https://doi.org/10.1051/0004-6361/201834834
https://doi.org/10.1016/j.asr.2008.03.022
https://doi.org/10.1007/BF00058065
https://doi.org/10.1017/S0252921100012860
https://doi.org/10.1029/GL013i008p00841
https://doi.org/10.1051/swsc/2018027
https://doi.org/10.1007/s11214-006-9114-x
https://doi.org/10.5194/angeo-39-379-2021
https://doi.org/10.5194/angeo-39-379-2021
https://doi.org/10.1093/mnras/stw3148
https://doi.org/10.1093/mnras/stw3148
https://doi.org/10.1051/0004-6361/201833544
https://doi.org/10.1051/0004-6361/201833544
https://doi.org/10.1002/2015GL063939
https://doi.org/10.1002/2015GL063939
https://doi.org/10.1029/2004JA010602
https://doi.org/10.1007/s11038-008-9282-7
https://doi.org/10.3847/1538-4357/ab67b9
https://doi.org/10.1051/0004-6361/201834225
https://doi.org/10.1093/mnras/sty2166
https://doi.org/10.1029/2009JA014113
https://doi.org/10.1093/mnras/stw2413
https://doi.org/10.1051/0004-6361/201832881
https://doi.org/10.5194/angeo-37-903-2019
https://doi.org/10.1126/science.aad0210
https://doi.org/10.1007/s11214-015-0139-x
https://doi.org/10.1029/2018SW001936
https://doi.org/10.1007/s11214-007-9277-0
https://doi.org/10.1029/141GM14
https://doi.org/10.1007/s11214-015-0218-z
https://doi.org/10.1007/s11214-011-9823-7


Journal of Geophysical Research: Space Physics

WELLBROCK ET AL.

10.1029/2022JA030398

26 of 27

Livshits, M. A., Zimovets, I. V., Golovin, D. V., Nizamov, B. A., Vybornov, V. I., Mitrofanov, I. G., et al. (2017). Catalog of hard X-ray solar 
flares detected with Mars Odyssey/HEND from the Mars orbit in 2001–2016. Astronomy Reports, 61(9), 791–804. https://doi.org/10.1134/
S1063772917090037

Luhmann, J. G., Curtis, D. W., Schroeder, P., McCauley, J., Lin, R. P., Larson, D. E., et al. (2008). STEREO IMPACT investigation goals, meas-
urements, and data products overview. Space Science Reviews, 136(1–4), 117–184. https://doi.org/10.1007/s11214-007-9170-x

Mewaldt, R. A., Cohen, C. M. S., Cook, W. R., Cummings, A. C., Davis, A. J., Geier, S., et al. (2008). The low-energy telescope (LET) and SEP 
central electronics for the STEREO mission. Space Science Reviews, 136(1–4), 285–362. https://doi.org/10.1007/s11214-007-9288-x

Morgan, D. D., Diéval, C., Gurnett, D. A., Duru, F., Dubinin, E. M., Fränz, M., et al. (2014). Effects of a strong ICME on the Martian iono-
sphere as detected by Mars express and Mars Odyssey. Journal of Geophysical Research: Space Physics, 119(7), 5891–5908. https://doi.
org/10.1002/2013JA019522

Müller-Mellin, R., Böttcher, S., Falenski, J., Rode, E., Duvet, L., Sanderson, T., et al. (2008). The solar electron and proton telescope for the 
STEREO mission. Space Science Reviews, 136(1–4), 363–389. https://doi.org/10.1007/s11214-007-9204-4

Myllys, M., Henri, P., Vallières, X., Gilet, N., Nilsson, H., Palmerio, E., et al. (2021). Electric field measurements at the plasma frequency around 
comet 67P by RPC-MIP on board Rosetta. Astronomy & Astrophysics, 652, A73. https://doi.org/10.1051/0004-6361/201936633

Nicolaou, G., Behar, E., Nilsson, H., Wieser, M., Yamauchi, M., Berčič, L., & Wieser, G. S. (2017). Energy-angle dispersion of accelerated 
heavy ions at 67P/Churyumov-Gerasimenko: Implication in the mass-loading mechanism. Monthly Notices of the Royal Astronomical Society, 
469(Suppl_2), S339–S345. https://doi.org/10.1093/mnras/stx1621

Nilsson, H., Gunell, H., Karlsson, T., Brenning, N., Henri, P., Goetz, C., et al. (2018). Size of a plasma cloud matters. The polarisation electric 
field of a small-scale comet ionosphere. Astronomy & Astrophysics, 616, A50. https://doi.org/10.1051/0004-6361/201833199

Nilsson, H., Lundin, R., Lundin, K., Barabash, S., Borg, H., Norberg, O., et al. (2007). RPC-ICA: The ion composition analyzer of the Rosetta 
Plasma Consortium. Space Science Reviews, 128(1–4), 671–695. https://doi.org/10.1007/s11214-006-9031-z

Nilsson, H., Möslinger, A., Williamson, S., Bergman, S., Gunell, H., Wieser, G. S., et al. (2022). Upstream solar wind speed at comet 67P. Recon-
struction method, model comparison, and results. Astronomy & Astrophysics, 659, A18. https://doi.org/10.1051/0004-6361/202142867

Nilsson, H., Stenberg Wieser, G., Behar, E., Simon Wedlund, C., Kallio, E., Gunell, H., et  al. (2015). Evolution of the ion environment 
of comet 67P/Churyumov-Gerasimenko. Observations between 3.6 and 2.0 AU. Astronomy & Astrophysics, 583, A20. https://doi.
org/10.1051/0004-6361/201526142

Nilsson, H., Wieser, G. S., Behar, E., Gunell, H., Wieser, M., Galand, M., et al. (2017). Evolution of the ion environment of comet 67P during the 
Rosetta mission as seen by RPC-ICA. Monthly Notices of the Royal Astronomical Society, 469(Suppl_2), S252–S261. https://doi.org/10.1093/
mnras/stx1491

Nilsson, H., Williamson, H., Bergman, S., Stenberg Wieser, G., Wieser, M., Behar, E., et al. (2020). Average cometary ion flow pattern in the 
vicinity of comet 67P from moment data. Monthly Notices of the Royal Astronomical Society, 498(4), 5263–5272. https://doi.org/10.1093/
mnras/staa2613

Noonan, J. W., Stern, S. A., Feldman, P.  D., Broiles, T., Wedlund, C. S., Edberg, N. J. T., et  al. (2018). Ultraviolet observations of coro-
nal mass ejection impact on comet 67P/Churyumov-Gerasimenko by Rosetta Alice. The Astronomical Journal, 156(1), 16. https://doi.
org/10.3847/1538-3881/aac432

Nordheim, T. A., Jones, G. H., Halekas, J. S., Roussos, E., & Coates, A. J. (2015). Surface charging and electrostatic dust acceleration at the 
nucleus of comet 67P during periods of low activity. Planetary and Space Science, 119, 24–35. https://doi.org/10.1016/j.pss.2015.08.008

Nordheim, T. A., Jones, G. H., Roussos, E., Leisner, J. S., Coates, A. J., Kurth, W. S., et al. (2014). Detection of a strongly negative surface poten-
tial at Saturn's moon Hyperion. Geophysical Research Letters, 41(20), 7011–7018. https://doi.org/10.1002/2014GL061127

Nordheim, T. A., Wellbrock, A., Jones, G. H., Desai, R. T., Coates, A. J., Teolis, B. D., & Jasinski, J. M. (2020). Detection of negative pickup ions 
at Saturn's moon Dione. Geophysical Research Letters, 47(7), e2020GL087543. https://doi.org/10.1029/2020GL087543

Odstrcil, D. (2003). Modeling 3-D solar wind structure. Advances in Space Research, 32(4), 497–506. https://doi.org/10.1016/
S0273-1177(03)00332-6

Palmerio, E., Kilpua, E. K. J., Witasse, O., Barnes, D., Sánchez-Cano, B., Weiss, A. J., et al. (2021). CME magnetic structure and IMF precondi-
tioning affecting SEP transport. Space Weather, 19(4), e2020SW002654. https://doi.org/10.1029/2020SW002654

Reames, D. V. (1999). Particle acceleration at the Sun and in the heliosphere. Space Science Reviews, 90(3/4), 413–491. https://doi.
org/10.1023/a:1005105831781

Reames, D. V. (2013). The two sources of solar energetic particles. Space Science Reviews, 175(1), 53–92. https://doi.org/10.1007/
s11214-013-9958-9

Regoli, L. H., Coates, A. J., Thomsen, M. F., Jones, G. H., Roussos, E., Waite, J. H., et al. (2016). Survey of pickup ion signatures in the vicin-
ity of Titan using CAPS/IMS. Journal of Geophysical Research: Space Physics, 121(9), 8317–8328. https://doi.org/10.1002/2016JA022617

Roussos, E., Kollmann, P., Krupp, N., Paranicas, C., Krimigis, S. M., Mitchell, D. G., et al. (2012). Energetic electron observations of Rhea's 
magnetospheric interaction. Icarus, 221(1), 116–134. https://doi.org/10.1016/j.icarus.2012.07.006

Russell, C. T., Luhmann, J. G., & Baker, D. N. (1987). An examination of possible solar wind sources for a sudden brightening of comet 
Iras-Araki-Alcock. Geophysical Research Letters, 14(10), 991–994. https://doi.org/10.1029/GL014i010p00991

Rymer, A. M., Coates, A. J., Svenes, K., Abel, G. A., Linder, D. R., Narheim, B., et al. (2001). Cassini plasma spectrometer electron spectrom-
eter measurements during the Earth swing-by on August 18, 1999. Journal of Geophysical Research, 106(A12), 30177–30198. https://doi.
org/10.1029/2001JA900087

Sánchez-Cano, B., Witasse, O., Lester, M., Rahmati, A., Ambrosi, R., Lillis, R., et al. (2018). Energetic particle showers over Mars from comet 
C/2013 A1 siding Spring. Journal of Geophysical Research: Space Physics, 123(10), 8778–8796. https://doi.org/10.1029/2018JA025454

Sandberg, I., Daglis, I. A., Anastasiadis, A., Buhler, P., Nieminen, P., & Evans, H. (2012). Unfolding and validation of SREM fluxes. IEEE 
Transactions on Nuclear Science, 59(4), 1105–1112. https://doi.org/10.1109/TNS.2012.2187216

Santolík, O., Gurnett, D. A., Jones, G. H., Schippers, P., Crary, F. J., Leisner, J. S., et al. (2011). Intense plasma wave emissions associated with 
Saturn's moon Rhea. Geophysical Research Letters, 38(19), L19204. https://doi.org/10.1029/2011GL049219

Saunders, R. S., Arvidson, R. E., Badhwar, G. D., Boynton, W. V., Christensen, P. R., Cucinotta, F. A., et al. (2004). 2001 Mars Odyssey mission 
summary. Space Science Reviews, 110(1), 1–36. https://doi.org/10.1023/B:SPAC.0000021006.84299.18

Siegl, M., Evans, H. D. R., Daly, E. J., Santin, G., Nieminen, P., & Bühler, P. (2009). Inner belt anisotropy investigations based on the standard 
radiation environment monitor (SREM). In Proceedings of the European conference on radiation and its effects on components and systems, 
radecs. https://doi.org/10.1109/RADECS.2009.5994710

Simon Wedlund, C., Behar, E., Kallio, E., Nilsson, H., Alho, M., Gunell, H., et al. (2019). Solar wind charge exchange in cometary atmospheres. 
II. Analytical model. Astronomy & Astrophysics, 630, A36. https://doi.org/10.1051/0004-6361/201834874

 21699402, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030398 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1134/S1063772917090037
https://doi.org/10.1134/S1063772917090037
https://doi.org/10.1007/s11214-007-9170-x
https://doi.org/10.1007/s11214-007-9288-x
https://doi.org/10.1002/2013JA019522
https://doi.org/10.1002/2013JA019522
https://doi.org/10.1007/s11214-007-9204-4
https://doi.org/10.1051/0004-6361/201936633
https://doi.org/10.1093/mnras/stx1621
https://doi.org/10.1051/0004-6361/201833199
https://doi.org/10.1007/s11214-006-9031-z
https://doi.org/10.1051/0004-6361/202142867
https://doi.org/10.1051/0004-6361/201526142
https://doi.org/10.1051/0004-6361/201526142
https://doi.org/10.1093/mnras/stx1491
https://doi.org/10.1093/mnras/stx1491
https://doi.org/10.1093/mnras/staa2613
https://doi.org/10.1093/mnras/staa2613
https://doi.org/10.3847/1538-3881/aac432
https://doi.org/10.3847/1538-3881/aac432
https://doi.org/10.1016/j.pss.2015.08.008
https://doi.org/10.1002/2014GL061127
https://doi.org/10.1029/2020GL087543
https://doi.org/10.1016/S0273-1177(03)00332-6
https://doi.org/10.1016/S0273-1177(03)00332-6
https://doi.org/10.1029/2020SW002654
https://doi.org/10.1023/a:1005105831781
https://doi.org/10.1023/a:1005105831781
https://doi.org/10.1007/s11214-013-9958-9
https://doi.org/10.1007/s11214-013-9958-9
https://doi.org/10.1002/2016JA022617
https://doi.org/10.1016/j.icarus.2012.07.006
https://doi.org/10.1029/GL014i010p00991
https://doi.org/10.1029/2001JA900087
https://doi.org/10.1029/2001JA900087
https://doi.org/10.1029/2018JA025454
https://doi.org/10.1109/TNS.2012.2187216
https://doi.org/10.1029/2011GL049219
https://doi.org/10.1023/B:SPAC.0000021006.84299.18
https://doi.org/10.1109/RADECS.2009.5994710
https://doi.org/10.1051/0004-6361/201834874


Journal of Geophysical Research: Space Physics

WELLBROCK ET AL.

10.1029/2022JA030398

27 of 27

Simon Wedlund, C., Behar, E., Nilsson, H., Alho, M., Kallio, E., Gunell, H., et al. (2019). Solar wind charge exchange in cometary atmos-
pheres. III. Results from the Rosetta mission to comet 67P/Churyumov-Gerasimenko. Astronomy & Astrophysics, 630, A37. https://doi.
org/10.1051/0004-6361/201834881

Simon Wedlund, C., Behar, E., Nilsson, H., Alho, M., Kallio, E., Gunell, H., et al. (2020). Solar wind charge exchange in cometary atmospheres. 
III. Results from the Rosetta mission to comet 67P/Churyumov-Gerasimenko (Corrigendum). Astronomy & Astrophysics, 640, C3. https://doi.
org/10.1051/0004-6361/201834881e

Simon Wedlund, C., Kallio, E., Alho, M., Nilsson, H., Stenberg Wieser, G., Gunell, H., et  al. (2016). The atmosphere of comet 
67P/Churyumov-Gerasimenko diagnosed by charge-exchanged solar wind alpha particles. Astronomy & Astrophysics, 587, A154. https://doi.
org/10.1051/0004-6361/201527532

Taylor, M. G. G. T., Altobelli, N., Buratti, B. J., & Choukroun, M. (2017). The Rosetta mission orbiter science overview: The comet phase. Philo-
sophical Transactions of the Royal Society A: Mathematical, Physical & Engineering Sciences, 375(2097), 20160262. https://doi.org/10.1098/
rsta.2016.0262

Teolis, B. D., Jones, G. H., Miles, P. F., Tokar, R. L., Magee, B. A., Waite, J. H., et al. (2010). Cassini finds an oxygen-carbon dioxide atmosphere 
at Saturn's icy moon Rhea. Science, 330(6012), 1813–1815. https://doi.org/10.1126/science.1198366

Tokar, R. L., Johnson, R. E., Thomsen, M. F., Sittler, E. C., Coates, A. J., Wilson, R. J., et al. (2012). Detection of exospheric O2 + at Saturn's moon 
Dione. Geophysical Research Letters, 39(3), L03105. https://doi.org/10.1029/2011GL050452

Trotignon, J. G., Michau, J. L., Lagoutte, D., Chabassière, M., Chalumeau, G., Colin, F., et al. (2007). RPC-MIP: The mutual impedance probe of 
the Rosetta Plasma Consortium. Space Science Reviews, 128(1–4), 713–728. https://doi.org/10.1007/s11214-006-9005-1

Tzou, C.-Y. (2017). Calibrations of ROSINA-COPS and observations at comet 67P/Churyumov-Gerasimenko (Unpublished doctoral disserta-
tion). University of Bern.

von Rosenvinge, T. T., Reames, D. V., Baker, R., Hawk, J., Nolan, J. T., Ryan, L., et al. (2008). The high energy telescope for STEREO. Space 
Science Reviews, 136(1–4), 391–435. https://doi.org/10.1007/s11214-007-9300-5

Wang, L., Lin, R. P., Krucker, S., & Mason, G. M. (2012). A statistical study of solar electron events over one solar cycle. The Astrophysical 
Journal, 759(1), 69. https://doi.org/10.1088/0004-637x/759/1/69

Wang, Y., Lyu, D., Xiao, B., Qin, G., Zhong, Y., & Lian, L. (2021). Statistical survey of reservoir phenomenon in energetic proton events observed 
by multiple spacecraft. The Astrophysical Journal, 909(2), 110. https://doi.org/10.3847/1538-4357/abda39

Witasse, O., Sánchez-Cano, B., Mays, M. L., Kajdič, P., Opgenoorth, H., Elliott, H. A., et al. (2017). Interplanetary coronal mass ejection observed 
at STEREO-A, Mars, comet 67P/Churyumov-Gerasimenko, Saturn, and New Horizons en route to Pluto: Comparison of its Forbush decreases 
at 1.4, 3.1, and 9.9 AU. Journal of Geophysical Research: Space Physics, 122(8), 7865–7890. https://doi.org/10.1002/2017JA023884

Wurz, P., Rubin, M., Altwegg, K., Balsiger, H., Berthelier, J.-J., Bieler, A., et  al. (2015). Solar wind sputtering of dust on the surface of 
67P/Churyumov-Gerasimenko. Astronomy & Astrophysics, 583, A22. https://doi.org/10.1051/0004-6361/201525980

Young, D. T., Berthelier, J. J., Blanc, M., Burch, J. L., Coates, A. J., Goldstein, R., et al. (2004). Cassini plasma spectrometer investigation. Space 
Science Reviews, 114(1–4), 1–112. https://doi.org/10.1007/s11214-004-1406-4

Zeitlin, C., Boynton, W., Mitrofanov, I., Hassler, D., Atwell, W., Cleghorn, T. F., et al. (2010). Mars Odyssey measurements of galactic cosmic 
rays and solar particles in Mars orbit, 2002-2008. Space Weather, 8(11), S00E06. https://doi.org/10.1029/2009SW000563

 21699402, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030398 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1051/0004-6361/201834881
https://doi.org/10.1051/0004-6361/201834881
https://doi.org/10.1051/0004-6361/201834881e
https://doi.org/10.1051/0004-6361/201834881e
https://doi.org/10.1051/0004-6361/201527532
https://doi.org/10.1051/0004-6361/201527532
https://doi.org/10.1098/rsta.2016.0262
https://doi.org/10.1098/rsta.2016.0262
https://doi.org/10.1126/science.1198366
https://doi.org/10.1029/2011GL050452
https://doi.org/10.1007/s11214-006-9005-1
https://doi.org/10.1007/s11214-007-9300-5
https://doi.org/10.1088/0004-637x/759/1/69
https://doi.org/10.3847/1538-4357/abda39
https://doi.org/10.1002/2017JA023884
https://doi.org/10.1051/0004-6361/201525980
https://doi.org/10.1007/s11214-004-1406-4
https://doi.org/10.1029/2009SW000563

	Observations of a Solar Energetic Particle Event From Inside and Outside the Coma of Comet 67P
	Abstract
	1. Introduction
	2. Instrumentation
	3. Inside the Comet Coma
	3.1. Energetic Particle Observations
	Discussion of Section 3.1

	3.2. Plasma Observations Inside the Comet Coma
	3.2.1. Cometary Ion Observations
	Discussion of Section 3.2.1

	3.2.2. Solar Wind Ion Observations, Charge Exchange, and Surface Activity
	Further Analysis and Discussion of Section 3.2.2

	3.2.3. Magnetic Field Data and Relation to ICME AB
	3.2.4. Electron Measurements, Langmuir Waves, and Surface Charging
	Discussion of Section 3.2.4


	3.3. Discussion

	4. Upstream of the Comet
	4.1. Observations of Potential SEP Sources at the Sun
	4.2. ENLIL Simulation
	4.3. Observations of SEP Event at STEREO A and Mars
	4.4. SEP Source Discussion

	5. Summary
	Data Availability Statement
	References


