N
P University of

Central Lancashire
UCLan

Central Lancashire Online Knowledge (CLoK)

Title Time Evolution of Elemental Ratios in Solar Energetic Particle events
Type Article

URL https://clok.uclan.ac.uk/id/eprint/16527/

DOI 1612.00758

Date 2017

Citation Zelina, Peter, Dalla, Silvia, Cohen, CMS and Mewaldt, RA (2017) Time
Evolution of Elemental Ratios in Solar Energetic Particle events.
Astrophysical Journal, 835 (71). ISSN 0004-637X

Creators | Zelina, Peter, Dalla, Silvia, Cohen, CMS and Mewaldt, RA

It is advisable to refer to the publisher’s version if you intend to cite from the work. 1612.00758

For information about Research at UCLan please go to http://www.uclan.ac.uk/research/

All outputs in CLoK are protected by Intellectual Property Rights law, including Copyright law.
Copyright, IPR and Moral Rights for the works on this site are retained by the individual authors
and/or other copyright owners. Terms and conditions for use of this material are defined in the

http://clok.uclan.ac.uk/policies/


http://www.uclan.ac.uk/research/
http://clok.uclan.ac.uk/policies/

Time Evolution of Elemental Ratios in Solar Energetic Particle
events

P. Zelina and S. Dalla
University of Central Lancashire, Preston PR1 2HE, UK

pzelina@uclan.ac.uk

and

C. M. S. Cohen and R. A. Mewaldt
California Institute of Technology, Pasadena, CA 91125, USA

ABSTRACT

Heavy ion ratio abundances in Solar Energetic Particle (SEP) events, e.g. Fe/O, often exhibit

decreases over time. Using particle instruments on the ACE, SOHO and STEREO spacecraft, we
analysed heavy ion data from 4 SEP events taking place between December 2006 and December
2014. We constructed 36 different ionic pairs and studied their time evolution in each event. We
quantified the temporal behaviour of abundant SEP ratios by fitting the data to derive a decay
time constant B. We also considered the ratio of ionic mass—to—charge for each pair, the S value
given e.g. for Fe/O by Spejo = (M/Q)re/(M/Q)o. We found that the temporal behaviour of
SEP ratios is ordered by the value of S: ratios with S > 1 showed decreases over time (i.e. B < 0)
and those with S < 1 showed increases (B > 0). We plotted B as a function of S and observed
a clear monotonic dependence: ratios with a large S decayed at a higher rate. A prominent
discontinuity at S = 2.0 (corresponding to He/H) was found in 3 of the 4 events, suggesting
anomalous behaviour of protons. The X/H ratios often show an initial increase followed by a
decrease, and decay at a slower rate. We discuss possible causes of the observed B versus S

trends within current understanding of SEP propagation.

Subject headings: Sun: abundances — Sun: heliosphere — Sun: particle emission

1. Introduction

Solar energetic particles (SEPs) are ions and
electrons released into the interplanetary medium
due to solar eruptive activity. They are acceler-
ated by solar flares and coronal mass ejections
(CMEs) and can be observed as particle inten-
sity increases by instruments onboard spacecraft.
SEPs (mainly H, He, electrons) can be detected at
locations widely separated from the parent erup-
tive event in longitude and latitude (e.g. Gémez—
Herrero et al. 2015; Dalla et al. 2003). In large, so
called gradual SEP events, mean ionic abundances
are similar to the solar wind ones but event—to—
event variation of ratios such as Fe/O can vary by

significantly more than typical solar wind ratios.
Type II radio bursts from the associated CME—-
driven shock are observed in addition to type III
radio bursts generated by particles released from
solar flares. The wide longitudinal extent of SEP
events is usually ascribed to acceleration at ex-
tended regions, such as shocks, because according
to the accepted paradigm for SEP propagation,
SEPs travel along magnetic field lines without sig-
nificant transport perpendicular to the average in-
terplanetary magnetic field (Reames 1999). SEP
events with high Fe/O abundance and rich in 3He
are called impulsive events. These events are of
short duration and commonly associated only with
type III radio bursts. According to the standard



paradigm, impulsive SEPs should be detectable
only in narrow regions of < 20° in longitude,
i.e. locations with good magnetic connection to
the flare.

Since the launch of the STEREO spacecraft,
there have been many reports of simultaneous ob-
servations by multiple spacecraft that showed that
proton and electron SEP events can indeed be de-
tected at locations widely separated in longitude
(e.g. Dresing et al. 2012; Lario et al. 2013; Dresing
et al. 2014; Richardson et al. 2014; Gémez—Herrero
et al. 2015). In a study of 3He rich events de-
tected by multiple spacecraft, Wiedenbeck et al.
(2013) reported an impulsive event that was ob-
served by three spacecraft, two of which were sep-
arated by 136 °, but as part of a statistical study
of 17 impulsive events they showed that simulta-
neous SEP detections at two spacecraft at longi-
tudinal separation > 60 ° were not uncommon. An
SEP event rich in Fe was reported by Cohen et al.
(2014), where two spacecraft separated by 135°
in longitude detected enhanced average Fe/O val-
ues, which showed a dependence on longitude. In
separate studies, Gémez—Herrero et al. (2015) and
Zelina et al. (2015) used data from 3 spacecraft
and found that Fe and O SEPs from a single par-
ent active region can reach locations widely sep-
arated in longitude and be detected over almost
360 °.

SEP ratios, such as Fe/O, often decrease over
the duration of an SEP event. Using 3—-hour av-
eraged data, Scholer et al. (1978) observed Fe/O
ratios decreasing in time while the C/O ratios
were time independent. Tylka et al. (1999) re-
ported observations of the temporal evolution of
several heavy ion ratios during the 1998 April 20
SEP event that were ordered by their M/Q values,
where M is atomic mass of an SEP ion and @Q its
charge. Mason et al. (2012) studied the temporal
evolution of Fe/O, O/He, and He/H ratios in 17
SEP events, where in majority of events the ratios
exhibited temporal variation. Tylka et al. (2013)
used Ulysses and near—Earth spacecraft data to
show that Fe SEPs can reach high heliographic lat-
itudes. They also observed the characteristic Fe/O
decrease over time at the two spacecraft, both of
which had poor magnetic connection to the par-
ent flare. In all the considered events analysed by
Zelina et al. (2015) the Fe/O ratio decreased over
time, a behaviour therefore identified as a common

feature of SEP events.

Several researchers have proposed interpreta-
tions of the observed time dependence of elemen-
tal ratios, either as an effect of acceleration or of
transport. It was suggested that the high Fe/O
ratio early in the SEP event is a result of an ini-
tial flare component (rich in Fe) while the decrease
that follows is associated with a shock—accelerated
component (with lower Fe/O) later in the event
(Cane et al. 2003). Tylka et al. (1999) explained it
as due to the ions with high M/Q (i.e. Fe) escaping
the accelerating shock region more easily. Others
proposed that the observed time dependence is a
propagation effect due to the rigidity dependence
of the mean free path (Scholer et al. 1978; Mason
et al. 2012), or more generally transport effects
(Tylka et al. 2013).

The observed temporal variation of SEP ra-
tios may be related to M/@Q—dependent cross—
field transport of SEPs, where SEPs with differ-
ent M/Q follow different trajectories. Gradient
and curvature drifts in the Parker spiral magnetic
field depend on M/Q and kinetic energy (Dalla
et al. 2013). Full-orbit simulations of heavy ions
show that drifts are an important mechanism of
perpendicular transport that can distribute SEPs
across the interplanetary magnetic field (Marsh
et al. 2013). The charge state affects how much
a particle can drift across the mean magnetic
field, since particles with higher M/Q exhibit more
drift. Simulations by Dalla et al. (2015, 2016)
show that an SEP model including drifts can quali-
tatively reproduce the decrease in time of the Fe/O
ratio.

In this work, we studied the temporal behaviour
of SEP abundance ratios for 4 SEP events in a
quantitative manner. We systematically analysed
the decay in time of a number of elemental ra-
tios, including Fe/O and less commonly used ra-
tios such as Fe/C, Fe/Mg, and Fe/Si. We quan-
tified the temporal evolution of SEP ratios by fit-
ting the time profiles to an exponential function
and deriving a decay time constant, and studied
any correlations of this parameter with ionic M/Q
values of the 2 species in the ratio. Section 2
presents SEP data for the selected events, followed
by a Discussion (Section 3) and Conclusions (Sec-
tion 4).



Table 1: Details of solar flares and coronal mass ejections (CMEs) obtained from SolarMonitor.org and
the CDAW CME catalogue. The position of the backside flare (event #3) was calculated using STEREO
FITS files. The flare class for this event was estimated by Pesce-Rollins et al. (2015).

Event

#1 #3 #4
Year 2012 2014 2014
Flare start time Aug 31/19:45 Dec 13/02:14 Sep 01/11:00 Feb 25/00:39
Flare class C8 X2.1 X4.9
Solar disk location S16E42 S07TW22 N14E129 S12E77
CME start time 22:00 11:12 01:25
CME speed [km/s| 1442 1901 2147

Table 2: Details of the SEP events. The duration is the time span with good Fe count statistics in day of
year units, for which are heavy ion ratios plotted and analysed. A¢ is longitudinal separation (positive is
flare west of the spacecraft footpoint), A# is latitudinal separation (positive is flare north of the spacecraft),
As/A; is the ratio of Fe/O values (final/initial), At the time over which the Fe/O decrease occurs, and B is

the derived exponential decay time constant.

Event

#1 #3 #4
Year 2012 2014 2014
Duration [DOY] 244-248 347-349 244-248 5660
Best connected s/c  STB SOHO,ACE STB STB
SW speed [km/s] 325 450 500
A 5° _95° 32°
Al -12° 21° -19°
Fe/O Ag/A4 0.030 0.027 0.150
Fe/O At [day] 1.25 1.25 2.75
Fe/O B [day~!] -092£0.06 —-0.54£006 -1.1+£0.1 —-0.01+0.02

2. Observations

For the study of heavy ion particles, we used
SEP data measured in situ by the following parti-
cle instruments: Solar Isotope Spectrometer (SIS;
Stone et al. 1998) onboard Advanced Composition
Explorer (ACE), Energetic and Relativistic Nuclei
and Electron (ERNE; Torsti et al. 1995) onboard
SOlar and Heliospheric Observatory (SOHO), and
Low Energy Telescopes (LET; Mewaldt et al.
2008), and High Energy Telescopes (HET; von
Rosenvinge et al. (2008)) onboard the Solar Ter-
restrial Relations Observatory (STEREO) Ahead
(STA) and Behind (STB) spacecraft.

We examined SEP events between Decem-
ber 2006 and December 2014 with the Fe par-
ticle intensity above 1072 (cm?ssrMeV /nuc)~!

in the 10 — 12 MeV/nuc energy channel for
STEREO and 10™* (cm?ssr MeV /nuc)~! in the
10.7 — 15.8 MeV /nuc energy channel for ACE.
The lower threshold in the ACE data is due to
~ 10x larger geometrical factor of the ACE/SIS
instrument compared to the STEREO/LET in-
struments. We selected 4 SEP events: 2006 De-
cember 13, 2012 August 31, 2014 February 25 and
2014 September 1, which have intensity profiles
with monotonic rise and decay phases. Each of
the selected events was linked to a single parent
active region. Details of the solar eruptive events
are given in Table 1.

Details of the SEP events are given in Table 2.
For each SEP event we used the spacecraft with
best magnetic connection to the flare. In all events
other spacecraft did not measure sufficient parti-



Table 4: Table of S values, for all common pairs of abundant SEP elements. Ratio =

Element(2)
Element(1) "

Element Element (2)

(1) He C N 0) Ne Mg Si Fe
H 2.00 2.11 220 229 221 224 255 3.76
He 1 1.0 110 1.14 1.10 1.12 1.27 1.88
C 1 1.04 109 1.06 1.07 121 1.79
N 1 1.04 101 102 116 1.71
O 0.92 0.96 1 097 098 1.11 1.64
Ne 1 1.01 1.15 1.70
Mg 1 113 168
Si 1 1.48

Table 3: Atomic mass number M, ionic charge
state number @ and M/Q of abundant SEP ions.
The ionic charge states are from Luhn et al. (1985)
except for H and He, which are assumed to be fully
ionised. The heavy ion charge state values are sub-
ject to 5% systematic uncertainty.

Element M Q M/Q
H 1 1.00 1.00
He 4 2.00 2.00
C 12 570  2.11
N 14 6.37  2.20
(@) 16 7.00 2.29
Ne 20 9.06 2.21
Mg 24 10.70 2.24
Si 28 11.00 2.55
Fe 56 14.90 3.76

cle intensities of heavy ion SEPs to quantitatively
analyse the observed temporal variation of heavy
ion ratios, or intensity time profiles did not show
monotonic rise and decay phase. In Table 2 the
duration of an SEP event indicates the number
of days when there were sufficient Fe particles to
yield good statistics. We used the local solar wind
speed value at the beginning of an SEP event at
the spacecraft to calculate the nominal Parker spi-
ral footpoint of the spacecraft on the solar sur-
face ¢s.. The angular separation in longitude be-
tween the flare and the spacecraft is calculated
as AP = Pfiare — Psc, Where @rigre is the longi-
tude of the flare. A positive A¢p means that the
flare is western with respect to the observer foot-
point. In a similar manner, latitudinal separation

between the flare and the observer was calculated
as A0 = Ofqre — 0sc. A positive A0 means the
flare is north of the spacecraft.

For each event, time intensity profiles for all
abundant elements, which include H, He, C,
N, O, Ne, Mg, Si and Fe, were analysed and
ionic ratios constructed. For ratios observed by
STEREO/LET, we used the lowest energy channel
common for all elements that is 4.0—4.5 MeV /nuc.
ACE/SIS energy channels do not cover exactly the
same energy range as STEREO/LET for any of
the heavy ions. Therefore, we used the closest
available channels to the STEREO/LET energy
channel. Note that the heavy ion energy bins in
ACE/SIS data change depending on the analysed
element due to the SIS instrument response func-
tion for the analysed nuclei (see Stone et al. 1998,
Figure 19 for reference). For example, the low-
est energy bin for He is 3.4 — 4.7 MeV /nuc while
the lowest Fe energy bin is 10.7 — 15.8 MeV /nuc.
The energy channels for a pair of two elements
were chosen to be the closest to each other, e.g. in
order to obtain the Fe/O ratio, Fe intensity at
10.7 — 15.8 MeV /nuc was divided by O intensity
measured at 10.0—13.1MeV /nuc. We used proton
measurements from SOHO/ERNE to complement
the heavy ion data by ACE/SIS. For all the inten-
sities, uncertainties were calculated as o = v/N,
where N is the particle count within the accumu-
lation time.

For each pair of SEP elements X; and X5 we
define a parameter S given by
Q2 Q1

(1)

SXZ/Xl =



where M; is atomic mass number and @; is the
ionic charge state in elementary charge units, for
species X;.

SEPs in the interplanetary medium are par-
tially ionised. Measurement of the charge state Q
is challenging and is not routinely carried out for
all SEP events (Klecker et al. 2006). For this rea-
son, for the purpose of calculating the S—values,
we use charge state measurements by Luhn et al.
(1985), shown in Table 3, which provide an esti-
mate of ionic charge states at ~0.5 —3.3MeV /nuc
in a similar energy range to the one considered in
our study. The charge state measurements given
in Luhn et al. (1985), obtained by averaging over
a number of SEP events, are subject to system-
atic errors of 5%. It should be noted that @ can
vary event to event and in some SEP events it in-
creases with energy (Klecker et al. 2006; Mewaldt
et al. 2006).

For the event of 2006 December 13, one of the
events in our analysis, we estimate from the SAM-
PEX data, using the same method described by
Oetliker et al. (1997), that the iron charge state
was Qp. = 16.271T at 25 — 90 MeV /nuc. There-
fore we can say that for this event, the value of
Q@ at the lower energies that we consider in our
study, as given in Table 3, is not inconsistent with
the measured value at higher energies.

To our best knowledge there were no opera-
tional instruments measuring ionic charges in the
other 3 events. Charge states are known to vary
event to event and the charge state of iron in par-
ticular can take a broad range of values Qg =~
10 — 20 (Labrador et al. 2005). Other ionic charge
states vary too but to a lesser extent.

We use the atomic mass number of the domi-
nant isotope as a mass estimate for an SEP species.
The difference between this value and the iso-
topic SEP compositions, e.g. given by Anders &
Grevesse (1989), is estimated to be < 2%, but it
is substantially less than the uncertainty in SEP
charge state. Using the mass and charge state val-
ues in Table 3, we consider all combinations of
ionic ratios and calculate their S—value. The cor-
responding values are shown in Table 4.

2.1. 2012 August 31 event

A filament eruption occurred in the south-
eastern region of the solar disk as viewed from

Earth on 2012 August 31 (day of year; DOY 244)
and launched a coronal mass ejection (CME) with
linear speed 1442 km/s'. An associated C8 X-ray
flare at S16E42 started at 19:45 UT and peaked at
20:43 UT (Gallagher et al. 2002). A shock passed
the STEREO B spacecraft on September 3 (DOY
247) at 07:11 UT?. As viewed from Earth the
flare and the CME were not particularly strong or
fast but they caused a significant particle event at
STEREO B with magnetic connection A¢ = —5°.
The event (labeled in the following as event #1)
could in many respects be considered an exem-
plary proton SEP event. Electron, proton, oxy-
gen and iron particle intensity—time profiles and
Fe/O ratio are shown in Figure 1. Both the elec-
tron and proton intensity profiles, Figure 1, pan-
els a) and b), show a rapid increase followed by a
gradual decrease with smooth profile and no sig-
nificant shock—associated particle intensity com-
ponent was observed over 10 days. Figures 1 c)
and d) show oxygen and iron intensities, and the
Fe/O ratio, respectively. The intensity of oxy-
gen peaks later than that of iron and the oxy-
gen SEP event lasts longer. The Fe/O ratio is
decreasing from values typical of impulsive events
to values more than 1 order of magnitude be-
low the average gradual event abundance of 0.134
(Reames 1995). This event would be classified as
Fe—poor with average Fe/O value over the event
Agvg(Fe/O) = 0.064. The Fe/O decrease occurred
over Atgp./o = 1.25 days. After Fe/O reaches its
minimum, it increases for the next ~1 day. Con-
sidering the intensity profiles of Fe and O, it is
apparent that the increase is a result of the low Fe
counts at the limit of the instrument’s sensitivity.

For the same event, Figure 2 shows a subset
of SEP ratios versus time ordered by increasing S
values. The graphs show a 4-day period, during
which the temporal evolution of heavy ion ratios
takes place. From a qualitative point of view, the
time variation of the ratio displays a correlation
with S: a ratio shows decrease (increase) in time
when S > 1 (S < 1). The ratio profiles also show
that the slope of temporal variation scales with
S, where e.g. Mg/O shown in Figure 2 a), a ra-
tio with S ~ 1, remains almost unchanged over

'http://cdaw.gsfc.nasa.gov/CME list/

2ftp://stereodata.nascom.nasa.gov/pub/ins_data/
impact/level3/STEREO_Level3_Shock.pdf
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Fig. 1.— SEP event of 2012 August 31 (event #1): a) relativistic electron intensity (energy channels: 0.7-1.4
(red), 1.4-2.8 (green), 2.8-4.0 MeV (blue)), b) proton intensities at high (40-60 MeV, magenta) and low
(13.6-15.1 MeV, black) energy, ¢) Fe (red) and O (blue) intensity at 4.0-4.5 MeV /nuc, d) Fe/O intensity
ratio. Electron and proton intensities were measured by STEREO B/HET, Fe and O intensity by STEREO
B/LET. The vertical purple line denotes the start time of the flare.

the duration of the SEP event. The O/C ratio
with S = 1.09, Figure 2 b), shows a slight but
steady decrease over time. The rate of decay of
Si/O with S = 1.11, Figure 2 c), is higher than
that of O/C, but the duration of Si/O evolution
is also shorter due to the lower relative abundance
of silicon in the SEP event. These ratios show far
less variation than the ratios with high values of
S, i.e. Fe/Si, Fe/Mg and Fe/C, Figure 2 panels
d), e) and f), all of which have larger S. Ratios
of elements with respect to hydrogen, e.g. He/H,
O/H and Fe/H are somewhat anomalous, showing
an initial increase followed by a decrease, as can
be seen in the last row of Figure 2 in panels g),

h) and i). The decay rate of Fe/H is higher than
that of O/H, which is higher than He/H, therefore
increasing with increasing S of an SEP ratio. The
decay period is shorter for Fe/H than it is for O/H
and He/H respectively, due to relative abundances
of the elements in the SEP event. The initial in-
crease is observed in all X/H ratios.

2.1.1.  Quantitative analysis

We carried out a quantitative analysis of the
temporal variation of heavy ion ratios in the SEP
events as follows. We indicate as A the heavy ion
ratio, calculated as the ratio of two particle inten-



ClO, S=0.92

Mg/O, $=0.98

Si/O, S=1.11

b)

Fe/Mg, S=1.68

247 248 244 245 246 247 248

FelC, S=1.79

T T IRARRLERS] = prerTTTT T IRARRREERL: IRARRARRRR n

el
=
=
.
p—
|
-
o.
%
¢
o
e

Lisvannnns [FEETERTET Lisvavinns Eriesens Lisvannnns [FEETERTET Lisvaras d

e) 10°;- f) -

O/H, S=2.29

247 248 244 245 246 247 248

Fe/H, S=3.76

T T IRARRZRRL: 107 g T IRARERRREL IRARRZRRL: E

;«\W i
07 3

| FETEETET | TR | TR -06 Luiyyiiaay | FETEETET | TR | TR

h) E i)

T RRARRRRRR: IRRRZRRZRL RARRRRRZR: 10 v
10' F a)
E 10° F
10° .
Remmregifl] 0 p
10" F
........ M TTTRETRITY FETTRRTET FITRITINY. | 107 b
244 245 246 247 248 244
X Fe/Si, $=1.48 X
10" v T IRRRZRRZRL RARRRRRR; E 10" g
o E ] E
=0 } d)
m 0 0
3 3 10°F
2 f X JfT ] F
2 .l '] '
1L - 1L
TR 10
2
£ [ ] [
2 Lianan slosvvinnn | FEETERTET |FFERTRRT 2 Lavaann
10044 245 246 247 248 10044
) He/H, $S=2.00 ,
10" T IRARARRRRL IRARRRRRL; E 10° g
1 g) 1 3
100 3 107 F
g m W
107 E E 10
E [t E E
<l FTRTRET aloasaaaiy | FERTERTET | FETETRET <05 Lugasaay
10044 245 246 247 248 10544

247 248 244 245 246 247 248

Day in 2012

Fig. 2.— A succession of SEP ratios versus time with ascending S values (see Table 4) for event #1. SEP
ion intensities were measured by STB/LET at 4.0-4.5 MeV/nuc. Ratio data points (blue) in time interval
between the maximum and the minimum were fitted to Equation 2 (plotted in brown), where B is the ratio
decay time constant. Ratios with larger S show more temporal evolution, i.e. lower B. Ratios X/H increase
before they start decreasing. All intervals on the vertical axes are scaled equally to 3 orders of magnitude.

sity values I, e.g. Apej0 = IFC/IO. As an exam-
ple, Figure 3 shows the Fe/O ratio in event #1 at
4.0—4.5MeV /nuc over a 4-day period. Ratio data
points used in further analysis are those that have
more than 2 particle counts in a 1-hour time bin
for both ion species. An input to the analysis is the
time range At from the start of the flare over which
data should be fitted. We marked the first oc-
curring maximum or minimum data point within
At as A, and the last occurring as As. When
the Fe/O ratio decreases over time, the maximum
precedes the minimum and As/A; < 1, but other
heavy ion ratios may show an increase over time,
ie. Ay/A; > 1. All the data points between the

maximum and the minimum were fitted using the
function

A = 1028 (2)

where B is the ratio decay time constant in units
of day~!, and « is a unitless fitting constant. For
the example of Figure 3 the decay time constant,
obtained using Equation 2, is Bre/o = (—0.92 +
0.06) day~!. In a similar manner, the values of B
were obtained for all abundant ratios considered
in Table 4.

In Figure 4 we plot the decay time constant B
as a function of S for all SEP ratios in event #1.
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The plot shows a quantitative description of the
qualitative behaviour seen in Figure 2. Between
S =1 and S = 2 a monotonic decrease of B with
S is observed corresponding to faster decay rates
as S increases. There is a discontinuity present at
S = 2.0, the S value for He/H, followed by another
monotonic decrease. As can be seen from Table 4,
the ratios with S > 2 are ratios of a heavy ion and
hydrogen, X/H.

The location of the data points along the hori-
zontal axis is influenced by the values of the charge
states @ that are used to calculate S. We analysed
how S values change when different values of Qpe,
the @ value that can vary by the largest amount,
are considered. The S value for Fe/O in our plot
is S = 1.64. This value changes to S = 2.04 when
Qre = 12 and S = 1.36 when Qg = 18. If the Fe
charge changed, ionic charges for all the other ions
would change too, therefore it is not easy to quan-
tify the effect on the B vs S plot unless charge
states for the event for all ions were available.

2.2. 2006 December 13 event

Next we considered the event on 2006 Decem-
ber 13 (DOY 347, event #2), which shows sim-
ilar heavy ion profiles as event #1. Event #2
was caused by an X3.4 flare at SO5W23, which

Event #1
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Fig. 4.— Decay time constants B plotted as a
function of S for event #1. The monotonic de-
pendence shows that more decrease is observed in
ratios with increasing S. A discontinuity is ob-
served at S = 2.0 (He/H).

started at 02:14 UT and peaked at 02:40 UT.
The flare was accompanied by a CME with speed
1774 km/s and an interplanetary shock passed
ACE on December 14th (DOY 348) at 14:14 UT.
The event was studied in detail by Liu et al. (2008)
and von Rosenvinge et al. (2009). Particle in-
tensity profiles for event #2 are shown in Fig-
ure 5. Event #2 was followed by another SEP
event on December 14 at 22:14 UT, therefore the
analysed period was cut off on 2006 December 15
(DOY 349). The SEP event occurred while the
particle intensity was elevated from a preceding
event, see Figure 5 b), but the proton intensity
increase due to event #2 was several orders of
magnitude. The pre-event background for heavy
ions was less significant than for protons because
heavy ion events decay faster. We use the heavy
ion data from ACE because the STEREO space-
craft were still performing manoeuvres near the
Earth (von Rosenvinge et al. 2009). At the time
of the flare, the magnetic connection of ACE was
A¢ = —17°. The Fe/O ratio, Figure 5 d), de-
creases for Atp,)o = 1.25 days. Fe/O decays to
a value of about 2 x 10~!, higher than the value
reached in event #1. This event is Fe-rich with
average Fe/O value Ag,,q(Fe/O) = 0.540. Figure 6
shows a subset of heavy ion ratios as in Figure 2.
The ratios show similar temporal evolution as was



observed in event #1, except for the initial in-
creases observed in most heavy ion ratio time pro-
files, which may be the result of the elevated back-
ground from the preceding event.

We applied the quantitative analysis to the SEP
ratios as in event #1 and plotted the function B
vs S as shown in Figure 7. The dependence shows
a monotonic behaviour but in this case the dis-
continuity at S = 2.0 is not present. Instead, the
X/H ratios decay at faster rate than other heavy
ion ratios. This behaviour is observed because the
proton intensity at these energies only changes ~1
order of magnitude over the 2-day period (cf. pro-
ton intensity at 13.8-14.6 MeV in Figure 5 b)).

Event #2
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Fig. 7.— Decay time B plotted as a function of
S for event #2. The monotonic dependence as in
event #1 is observed but without the discontinu-

ity.

2.3. 2014 September 1 event

Event #3 originated from an active region
behind the eastern limb of the Sun as viewed
from Earth on 2014 September 1 (DOY 244)
at 11:00 UT. We determined the location of
the flare at N14E129 using FITS data from the
STEREO B EUVTI instrument. Pesce-Rollins et al.
(2015) estimated the flare class as X2.1 located
at N14E126. The associated CME had speed
1901 km/s. STEREO B, which was the best mag-
netically connected spacecraft (A¢ = —25°), en-
countered a passing shock on September 3 (DOY

246) at 07:45 UT3. The particle intensity profiles
are shown in Figure 8. A sudden increase in the
oxygen particle intensity of ~ 1 order of magni-
tude (Figure 8 c¢), blue) was observed ~ 13 hours
after the flare started, which is not present in the
iron particle intensity (red). This increase in oxy-
gen occurred more than a day before the shock
passed the spacecraft. The Fe/O ratio dropped
rapidly due to the increase in oxygen intensity
and reached its minimum At = 1.25 days after
the maximum. The event—averaged Fe/O value is
Agvg(Fe/O) = 0.089. Figure 9 shows a subset of
heavy ion ratios. Many heavy ion ratios, includ-
ing Fe/Si, Fe/Mg, Fe/C and Si/O, show a rapid
drop in ratio value followed by a plateau, a similar
to the Fe/O time. Apart from the sudden drop,
the ratios in event #3 show qualitatively similar
behaviour to events #1 and #2 in the ordering of
the decreases (increases) by S.

We applied the quantitative analysis to the SEP
ratios as in event #1. The values of decay time
constant B obtained by fitting in this event largely
depend on the length of the interval At, where the
data points are fitted. For example, B values ob-
tained in two ratios Fe/Si and Fe/Mg, Figure 9
panels d) and ¢), are Bpe/s; = (—0.1940.03)day !
and Bre/nvg = (—0.89 +0.09) day ! but the cor-
responding fitting interval for Fe/Si (Atpe/s; =
2.63 day) is more than twice as long as it is for
Fe/Mg (Atpe/mg = 1.17 day). Such difference can
be seen in O/H and Fe/H ratios in Figure 9 panels
h) and i). We plotted B vs S, shown in Figure 10,
and the data point at S = 1.48 corresponding to
Fe/Si deviates from the otherwise monotonic de-
pendence in S € [0.9,2.0). Nevertheless, the ob-
tained dependence qualitatively resembles the B
vs S dependence in event #1, Figure 4.

2.4. 2014 February 25 event

SEP event #4, which occurred on 2014 Febru-
ary 25 (DOY 56), was caused by an X4.9 flare
that erupted at S12E77 and it was accompanied by
an exceptionally fast CME with speed 2147 km/s.
STEREO B was the best magnetically connected
spacecraft with the magnetic footpoint separated
from the flare by A¢ = 32°. Figure 11 shows in-
tensity profiles for the event at STEREO B. Fe

3ftp://stereodata.nascom.nasa.gov/pub/ins_data/
impact/level3/STEREO_Level3_Shock.pdf
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Fig. 5.— SEP event 2006 December 13 (event #2): a) relativistic electron intensity (energy channels: 0.7-1.4
(red), 1.4-2.8 (green), 2.8-4.0 MeV (blue)), b) proton intensities at high (40.5-62.2 MeV, magenta) and low
(13.8-14.6 MeV, black) energy, ¢) Fe (10.7-15.8 MeV /nuc, red) and O (10.0-13.1 MeV /nuc, blue) intensity,
d) Fe/O intensity ratio. Electron intensities were measured by STEREO B/HET, proton intensities by
SOHO/ERNE, Fe and O intensity by ACE/SIS. The vertical purple line denotes the start time of the flare.

and O intensities were also detected by ACE and
STEREO A but these spacecraft were not mag-
netically well connected (Zelina et al. 2015). As
can be seen in Figure 11 panel d), the SEP event
at STEREO B shows the Fe/O ratio decreased for
At = 2.75 days but a significant decrease occurred
during the first ~ 12 hours followed by Fe/O re-
maining relatively unchanged for the rest of the
event. This event is Fe-rich with average Fe/O
value Agyy(Fe/O) = 0.212. Heavy ion ratios of
event #4 are shown in Figure 12. Similarly to the
Fe/O ratio, other heavy ion ratios too show little
variation over time after ~1 day.
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The quantitative analysis was applied to the
SEP data in event #4 in two ways: first the fitting
procedure was applied to the entire event (i.e. over
a time range At = 4 days), second it was applied
only to the first 12 hours after the start of the
flare. The first 12 hours are when a fast decrease
(increase) occurs in some ratios. The graphs of B
vs S dependence for the two At values are shown
in Figure 13. The B vs S graph for At = 4 days,
Figure 13 a), shows the decay time constants are
smaller because the initial decrease in Fe/X ratios
is averaged over a longer period, over which the
ratios remain relatively unchanged. A discontinu-
ity can hardly be observed due to small B values
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Fig. 10.— Decay time B plotted as a function of
S for event #3. The dependence is qualitatively
very similar to event #1.

of the ratios. As can be seen in Figure 12 b), when
the fit is carried out over 12 hours, the obtained
B values are larger in magnitude than in the pre-
vious events. In the latter plot, a discontinuity at
S = 2.0 is observed, as in Figure 4.

3. Discussion

We have studied solar energetic particle (SEP)
intensities and elemental ratios in 4 SEP events,
where Fe/O has been observed to decrease over
time, in the ~ 4 — 15 MeV/nuc energy range.
We used 1-hour averaged SEP data from ener-
getic particle telescopes onboard ACE, SOHO,
STEREO B, and systematically quantified the
temporal dependence of abundant SEP ratios.
Each of the SEP events was observed by a well-
connected spacecraft with a magnetic footpoint
within 32° of the flare.

We observed that time evolution of heavy ion
ratios is a common feature present in all four anal-
ysed SEP events, with largest variation in Fe/X
ratios, where X indicates an abundant SEP el-
ement. We found that some abundance ratios,
e.g. Mg/O, remained relatively unchanged during
an SEP event and some ratios, e.g. Ne/O, even
showed an increase over time. This behaviour is
ordered by the S value of an SEP ratio, defined as
the ratio of M /@ values of the two SEP species in
the ratio. Ratios with S < 1 (S > 1) exhibit an
increase (decrease) over time. We also observed
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of S for event #4. The top panel shows the re-
sults of fits using At = 4 days, the bottom one
using At = 12 hours. Note the different scaling of
the ordinate. A typical size of errorbars (+1o) is
shown in the right bottom corner of the graphs.

that the slope of a ratio tends to be steeper for ra-
tios with larger S value. Therefore, the temporal
evolution of SEP heavy ion ratios shows ordering
by M/Q.

We quantitatively examined the ratios listed in
Table 4 for the 4 SEP events, and for each event
we plotted the values of decay time constant B as
a function of S. Each of the obtained plots, Fig-
ures 4, 7, 10 and 13, shows a monotonic depen-
dence of B vs S in the range S € [0.9,2.0). The
B vs S dependence in 3 out of 4 events, (includ-
ing Figure 13 b)), shows a discontinuity at .S = 2.0
which corresponds to He/H. In event #2, Figure 7,
the discontinuity at S = 2.0 is not present, prob-
ably because the proton intensity, shown in Fig-



ure 5 b), only varies by ~ 1 order of magnitude
during the analysed period and does not decay
significantly. As a result, the X/H ratios in event
#2 decay at much faster rate than in the other
events. Event #3 showed B vs S dependence
qualitatively similar to event #1. The disconti-
nuity was not observed in event #4, Figure 13 a),
where At = 4 days was much longer that the pe-
riod of significant temporal variation, i.e. the first
~12 hours after the start of the flare. The B val-
ues obtained by fitting in the two time intervals
At = 4 days and 12 hours in event #4 showed
ordering by M/Q.

When plotted in logarithmic-linear plot, inten-
sity ratio time data often exhibit time profiles sim-
ilar to a linear function between their maximum
and minimum values. Every SEP ratio had a min-
imum and a maximum identified independently.
The method of finding the maximum and the mini-
mum of a ratio time profile affected the value of the
fitted decay constant B, where ratios fitted over a
longer time interval showed less average temporal
variation, in particular Fe/Si ratio in event #3 and
most of the ratios in event #4. This is clearly a
limitation of the used method, nevertheless, it al-
lowed us to characterise and quantify the observed
temporal evolution in SEP ratio time profiles.

Some events have more complex structure than
the monotonic intensity decrease shown for exam-
ple by event #1. More complicated intensity pro-
files, from which the ratio profiles are derived, can
be caused by interplanetary structures affecting
the propagation of ions, multiple events or shocks.
This makes the choice of the fit interval A¢ more
challenging and different ionic ratios might require
different At values in a single event (see e.g. event
#3).

The temporal evolution of heavy ion ratios
has previously been interpreted as a signature
of a rigidity-dependent acceleration (Tylka et al.
1999). In this model, the decrease in the Fe/O
ratio would be caused by Fe ions with large M/Q
spending less time at the shock during acceleration
and being released earlier than O ions.

However, Mason et al. (2006) presented data on
Fe and O intensity profiles at two energy ranges,
where they showed that the decrease of Fe/O over
time is likely a result of SEP propagation through
the interplanetary medium, in common with other
authors (e.g. Scholer et al. 1978; Mason et al. 2012;
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Tylka et al. 2013). In 1D propagation, the scat-
tering mean free path A is assumed to depend on
M/Q of an SEP ion, e.g. Ape > Ao. The stronger
scattering causes a slower propagation of an ion
with lower M /Q values to the observer, which can
result in temporal dependence of a ratio profile
such as ratios observed in this study.

In a recent study, Dalla et al. (2016) carried
out 3D full-orbit test particle simulations of SEP
propagation in a unipolar Parker spiral magnetic
field. Fe and O ions injected near the Sun were al-
lowed to propagate in 3D with a rigidity indepen-
dent scattering mean free path A\ = 1 AU. Their
crossings of the 1 AU sphere were counted as a
function of time for observers at various locations
with respect to the source. The particles experi-
ence strong curvature and gradient drifts (Dalla
et al. 2013) which cause transport in a direction
perpendicular to the magnetic field, with drift ve-
locities proportional to M/Q. For particles at
equal energy/nucleon, the ion with larger M/Q
propagates across the magnetic field more easily
and is able to reach the detector at earlier time.
The calculated Fe/O time profiles from the sim-
ulations are qualitatively similar to the observa-
tions in events #1-3. Therefore drift as an SEP
transport mechanism in 3D could explain the ob-
served temporal variation of heavy ion ratios. In
this model, the simulation with the value of mean
free path A = 0.1 AU produced similar results as
in the case with A = 1 AU. Comparing the results
corresponding to the two values of A, the variation
of the mean free path had little effect on the final
Fe/O ratio time profiles.

Several ionic ratios in our figures show an in-
crease towards the end of the SEP event, e.g. Fe/O
in Figure 1 and Fe/Si, Fe/C and Fe/H in Fig-
ure 2. This kind of behaviour can also be seen
in Figure 5 in Tylka et al. (2013), Figure 2 in
Zelina et al. (2015) and Figure 3 in Reames (1990).
Such an effect could be in some cases a result of
low count statistics, however, for some events it
does appear to be a real effect, e.g. events #1 and
#4 (Figures 1 and 11, panels d).  Simulations
by Dalla et al. (2016) show a similar behaviour
in the Fe/O time profiles. In that model the in-
crease late in the event results from O decaying at
a faster rate than Fe since O occupied a narrower
longitudinal extent than Fe, due to a smaller drift.
The increases could be caused by passing magnetic



structures, e.g. shocks and interplanetary coronal
mass ejections (ICMEs), within which the particle
populations, magnetic field vectors and transport
conditions may be different from the surrounding
environment. In event #2, after passing of the
shock on 2006 December 14 at 14:14 UT (Figure 5
¢), the O intensity suddenly starts decreasing at a
faster rate than Fe, and the Fe/O value increases
as the result. The Fe intensity profile in event
#3 (Figure 8 ¢) has a smooth intensity profile but
O intensity in the same event has a more com-
plicated intensity profile with sharp rises and de-
creases. As a result, the Fe/O ratio (Figure 8 d)
also has a complicated time profile with increases
and decreases.

In an analysis of time profiles of heavy ion ra-
tios, Mason et al. (2012) noted that the He/H ra-
tio showed a decrease only in some of the 17 SEP
events while it did not decrease in others. They
concluded that the temporal behaviour of protons
was different from heavy ion elements. In our anal-
ysis, we found that the time profiles of X/H ratios
were anomalous compared to other ratios, often
showing an increase of the ratio values before the
decrease. The decreases in time occurred at lower
rate compared with other heavy ion ratios, which
resulted in a discontinuity observed in B versus S
plots.

Anomalous time profiles of X/H ratios can
emerge in a number of scenarios. The ratios could
be signatures of differences in SEP acceleration
or interplanetary transport between protons and
heavier ions. On the other hand, they could be a
result of the much higher abundance of protons in
the SEP population. At present, the origin of the
anomalous nature of X/H time profiles and their
slower decay over time remains unknown, and any
theory should be able to explain temporal evolu-
tion of heavy ion as well as X/H ratios.

The B vs S profiles depend on our assumption
of used charge state values. Obtaining values of
SEP charge states is challenging and this type of
measurement is not routinely carried out for all
SEP events. In our analysis, we used charge state
values averaged over a number of events by Luhn
et al. (1985) that have been used previously in
similar studies. While these measurements should
be representative of typical ionic charge state val-
ues, charge states of an SEP ion are known to
have different values in separate particle events
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(e.g. Qre = 10—20) and can depend on the kinetic
energy (Klecker et al. 2006). If event—specific val-
ues of @ were used, S—values in Table 4 would be
modified and this would result in a shift of the data
points horizontally in the B vs S plots (Figures 4,
7,10 and 13).

4. Conclusions

In this study, we used SEP data from ACE/SIS,

SOHO/ERNE and STEREO/LET and STEREO/HET

to quantitatively characterise the temporal evolu-
tion of SEP ratios. Our main results are as follows:

1. The temporal evolution of heavy ion ratios is
ordered by the ratio of mass—to—charge val-
ues of the two SEP ions, S.

2. Between S = 0.9 and S = 2.0, considering 28
different ionic ratios, we find a clear mono-
tonic behaviour with S, with slopes of B ver-
sus S typically given by —0.5 day " for event
#2 to —1.5 day~! for event #3.

3. Ratios of heavy ion to hydrogen, X /H, where
X is an abundant SEP element, correspond-
ing to S > 2.0, often show an increase before
the decrease in their time profiles and decay
at slower rates. This anomaly is present in
the B versus S plots as a discontinuity where
the B values jump to a significantly higher
value than would be predicted by a mono-
tonic B vs S dependence.

Our analysis and previously reported observa-
tions of heavy ion SEP data suggest that the tem-
poral variation of heavy ion ratios is a common
feature of SEP events. This phenomenon has
been observed at various instances in the eclip-
tic (e.g. Tylka et al. 1999; Mason et al. 2012;
Zelina et al. 2015) and at high heliographic lat-
itudes (Tylka et al. 2013).

In recent years, a consensus has emerged that
the time evolution of Fe/O and other ionic ratios
is an interplanetary transport effect (Mason et al.
2006; Tylka et al. 2013). At the present time both
1D rigidity dependent scattering (A x (M/Q)%,
e.g. Mason et al. 2012) and 3D drift associated
transport (drift velocity o« M/Q, Dalla et al. 2016)
are possible mechanisms that may explain our ob-
servations.
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Fig. 6.— A succession of SEP ratios with ascending S values (see Table 4) for event #2. Proton intensities
were measured by SOHO/ERNE and heavy ion intensities by ACE/SIS. Energy channels for a pair of ions
in each ratio, which were selected to be the closest match, are the following: C/O — C 6.4-8.6 MeV /nuc, O
7.3-10.0 MeV/nuc; Mg/O — Mg 8.7-12.2 MeV /nuc, O 10.0-13.1 MeV /nuc; Si/O — Si 9.2-13.0 MeV/nuc, O
10.0-13.1 MeV /nuc; Fe/Si — Fe 10.7-15.8 MeV /nuc, Si 9.2-13.0 MeV /nuc; Fe/Mg — 10.7-15.8 MeV /nuc, Mg
12.2-16.0 MeV /nuc; Fe/C — Fe 10.7-15.8 MeV /nuc, C 11.2-13.4 MeV /nuc; He/H — He 3.4-4.7 MeV /nuc, H
3.5-4.1 MeV; O/H - 7.3-10.0 MeV /nuc, H 8.1-10.1 MeV; Fe/H — Fe 10.7-15.8 MeV /nuc, H 13.8-14.6 MeV.
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Fig. 8.— SEP event 2014 September 1 (event #3): a) relativistic electron intensity (energy channels: 0.7-1.4
(red), 1.4-2.8 (green), 2.8-4.0 MeV (blue)), b) proton intensities at high (40-60 MeV, magenta) and low
(13.6-15.1 MeV, black) energy, ¢) Fe (red) and O (blue) intensity at 4.0-4.5 MeV/nuc, d) Fe/O intensity
ratio. Electron and proton intensities were measured by STEREO B/HET, Fe and O intensity by STEREO
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B/LET. The vertical purple line denotes the start time of the flare.
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Fig. 9.— A succession of SEP ratios with ascending S values (see Table 4) for event #3. As in Figure 2,
the SEP ion intensities were measured by STB/LET at 4.0-4.5 MeV /nuc. The SEP ratio data (blue) are
overplotted with the fitted function (brown).
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Fig. 11.— SEP event 2014 February 25 (event #4): a) relativistic electron intensity (energy channels: 0.7-
1.4 (red), 1.4-2.8 (green), 2.8-4.0 MeV (blue)), b) proton intensities at high (40-60 MeV, magenta) and low
(13.6-15.1 MeV, black) energy, ¢) Fe (red) and O (blue) intensity at 4.0-4.5 MeV/nuc, d) Fe/O intensity
ratio. Electron and proton intensities were measured by STEREO B/HET, Fe and O intensity by STEREO
B/LET. The vertical purple line denotes the start time of the flare.
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Fig. 12.— A succession of SEP ratios with ascending S values (see Table 4) for event #4. As in Figure 2,
the SEP ion intensities were measured by STB/LET at 4.0-4.5 MeV /nuc. The SEP ratio data (blue) are
overplotted with the fitted function (brown). Much of the temporal variation is observed during the first
day of the event.
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