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KARTAVYKH4,5

1 IEAP, University of Kiel
2 Space Research Group, , University of Alcalá, Spain
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Abstract: The two STEREO spacecraft, in combination with near-Earth observatories (SOHO, ACE, and
WIND) provide three well separated viewpoints, which are best suited to investigate solar energetic particle
(SEP) events and their longitudinal dependences. Requesting a minimum longitudinal separation angle of 80
degrees between the source active region at the Sun and the magnetic footpoint of one spacecraft observing the
event we find 19 wide-spread events which were observed at least by two spacecraft in the years from 2009 to
2012. We investigate the events in a statistical manner in terms of maximum intensities, onset delays, rise times,
anisotropies and correlation to other phenomena like CMEs or type II radio bursts to shed some light on the
physical processes yielding such extremely large angular particle distributions.
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1 Introduction
In February 2011 the STEREO spacecraft exceeded a lon-
gitudinal separation of 90 degrees from Earth. Employing
remote-sensing instruments from these two and close to
Earth spacecraft, respectively, provided a view on the full
Sun’s surface at once for the first time ever. The steadily
growing angular separation of the STEREO spacecraft al-
lowed not only to investigate SEP events in terms of lon-
gitudinal variations but also to detect and to study wide-
spread SEP events. Due to its direct implications on parti-
cle injection and transport the angular spread of SEP events
is of special interest. To disentangle the processes which
can lead to large angular particle spreads like efficient per-
pendicular diffusion, coronal transport, or source regions
of large extent is highly desired.
By combining in-situ and remote-sensing observations of
the STEREO, ACE, SOHO, and SDO spacecraft we col-
lected a list of 19 wide-spread electron events, which ap-
peared between the end of 2009 until mid of 2012. All
events have been analized in terms of maximum intensity,
onset time, rise time, anisotropy and associated phenom-
ena like CMEs and type II radio bursts. We investigate the
events in terms of longitudinal dependencies. Furthermore,
we deduce the longitudinal broadness of the energetic elec-
trons at 1 AU from the three-point measurements.

2 Selection Criteria and events overview
A list of wide-spread events has been collected by scanning
the whole STEREO dataset since mission begin at the end
of 2006 until mid of 2012. The events had to fulfill the fol-
lowing criteria to be counted as a wide-spread event: (i) An
electron increase in the energy range of 65-105 keV above
background was detected by at least two of the three space-

craft. (ii) The widest separated spacecraft has a flare to
footpoint longitudinal separation of at least 80 degrees. (iii)
No additional type III radio burst was present in the period
between the associated type III burst and the SEP onset at
the spacecraft, which would indicate the presence of a po-
tential additional particle injection at the Sun. The longitu-
dinal coordinates of the spacecraft magnetic footpoints at
the Sun were calculated according to a Parker spiral taking
into account the actual measured solar wind speed. The co-
ordinates of the flare were determined using EUV images
taken by STEREO/EUVI and SDO/AIA (or SOHO/EIT).
Apart from requesting only one type III radio burst can-
didate, the events have been checked carefully to exclude
further possible source regions by evaluating EUV images.
Table 1 presents the event number, dates, and the associ-
ated radio type III burst onset times at the Sun (column 1-
3) for the 19 wide-spread events. We assume the type III
onset as the solar injection time of the energetic electrons
instead of the flare start time. The longitudinal separation
angles, meaning the longitudinal separations between the
source active region and the spacecraft magnetic footpoint
at the Sun, are shown for each spacecraft in columns 4-
6. While positive values mean that the spacecraft’s foot-
point is eastern of the source AR, negative values repre-
sent a western location with respect to the AR. Columns 7-
9 list the 65-105 keV electron onset times at the spacecraft.
The maximum intensities of the electron events are listed
in columns 10-12 and have been determined excluding lo-
cal phenomena like shocks etc. If a type II radio burst, in-
dicating the presence of a shock, accompanies the event, it
is marked in column 13, while the existence of an accom-
panying CME is marked in column 14.
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# Event Date Type III Long Sep Electron Onset Maximum Intensity acc. by
Onset (UT) Angle (◦) Time (UT) of 65-105 keV e Type II CME

STB ACE STA STB ACE STA STB ACE STA
1 2009-11-03 03:31 105 62 3 06:44 03:54 03:57 2.96e1 4.98e2 2.68e3 - -
2 2010-01-17 03:54 -112 165 118 04:30 - 04:55 1.64e1 - 1.90e2 yes yes
3 2010-02-07 02:29 7 -78 -121 03:04 03:00 05:32 7.31e3 6.34e2 6.36e1 - yes
4 2010-02-08 04:20 8 -65 -116 04:32 05:45 06:00 1.79e3 1.41e3 6.19e1 - yes
5 2010-02-12 11:23 -32 -87 -129 12:14 12:35 13:04 1.31e4 1.57e3 3.43e2 ? yes
6 2010-08-07 18:10 -40 -96 -160 19:07 19:20 - 2.42e3 3.09e2 - yes yes
7 2010-08-14 10:01 45 -5 -92 10:30 10:15 10:52 2.18e3 6.38e3 6.3e1 yes yes
8 2010-08-18 05:32 92 36 -42 06:53 06:10 06:10 7.07e2 1.07e4 4.55e3 yes yes
9 2010-08-31 20:48 133 72 17 22:07 21:35 21:21 3.61e1 6.24e3 8.95e4 yes yes
10 2010-09-09 23:22 90 25 -50 - 00:04 01:00 3.12e1 3.42e2 1.77e2 yes yes

(Sep 8)
11 2011-02-24 07:30 -27 -154 115 08:19 - 12:12 2.41e3 - 6.41e1 yes yes
12 2011-11-03 22:14 -133 137 13 23:24 23:10 22:42 3.27e3 1.03e3 5.39e4 yes yes
13 2011-11-26 07:14 87 -12 -155 08:15 07:25 10:35 4.29e2 1.09e4 5.90e2 yes yes
14 2012-01-23 03:40 61 -32 -152 06:14 04:00 07:45 6.05e3 1.76e5 2.42e4 yes yes
15 2012-03-07 00:16 18 -94 163 00:59 01:45 01:38 2.62e4 7.33e5 1.87e3 yes yes
16 2012-04-15 02:10 -27 -151 89 02:38 - 03:03 1.04e3 - 5.75e2 yes yes
17 2012-04-16 17:25 1 -150 111 17:58 - 18:35 1.39e3 - 1.80e2 - yes
18 2012-05-17 01:31 141 16 -89 04:35 01:50 07:15 3.22e1 2.70e4 6.59e2 yes yes
19 2012-08-31 19:49 -11 -111 128 20:11 21:10 03:50 1.87e5 1.49e3 1.01e2 yes yes

(Sep 1)

Table 1: Event number, dates, type III onset times, and separation angles of the spacecraft for the selected wide-spread
events (column 1 to 6). Electron onset times and maximum intensities of 65-105 keV electrons are listed in columns 7 to
12. A type II radio burst or a CME accompanying the event is marked in columns 13 and 14, respectively.

3 Longitudinal Variation of event
properties

The main quantity influencing in-situ SEP observations
close to the ecliptic, is certainly the longitudinal separation
angle between the spacecraft and the source active region
at the Sun [1], [2]. As investigated by [3], the larger the
separation angle, the lower the observed intensity increase.
This is also the case for the selected wide-spread events
here as illustrated in Fig. 1, which shows the background
subtracted maximum intensities measured by the different
spacecraft as function of the longitudinal separation angle.
An intercalibration factor of 1/1.3 has been applied to the
ACE/EPAM data following [3]. If a spacecraft has a sepa-
ration angle of zero, its magnetic footpoint aligns with the
longitude of the source active region. Each color in Fig. 1
represents one wide-spread event and each symbol stands
for an individual spacecraft. If a spacecraft did not observe
an intensity increase the intensity has been put onto the hor-
izontal axis to indicate the longitudinal separation angle of
this spacecraft.
In a similar investigation [3] collected 35 STEREO multi-
spacecraft events and approximated the maximum inten-
sity distributions by I(φ)− I0 = exp

[
−(φ −φ0)

2/2σ2
]
.

The authors found a mean standard deviation σ of 49 de-
grees for electron events in the range from 71 to 112 keV
and an asymmetry of -16 degrees to the west for φ0. For
the 19 wide-spread events studied here we assume a sym-
metric distribution around zero (φ0 = 0) and approximate

the intensity distribution with the form

I(φ) = I0 exp[−φ/2σ2]. (1)

Here, I0 represents the maximum intensity at 1 AU and
zero degrees separation angle and σ is the standard devi-
ation. The fitted curves for the events, which are well ap-
proximated by eq. 1 are also shown in Fig. 1. We find a
large variety in the standard deviations σ between 29 and
78 degrees with a mean of 42 degrees (not taking into ac-
count the events with poor fits). A clear longitudinal de-
pendence can also be found for further key characteristics.
Fig. 2 shows the onset delay, which is the delay between
the associated type III radio burst and the onset time of
the intensity increase at the spacecraft as function of the
longitudinal separation angle as in eq. 1. Each event is
shown in a different color and the associated observations
are connected by lines. The solid horizontal line marks the
delay which corresponds to a scatter-free travel time of
65-105 keV electrons along a nominal Parker spiral. The
vertical axis on the right hand side shows pathlengths in
AU (corresponding to the onset delays), which the elec-
trons would have propagated in that time. The majority of
events shows the expected behavior with shorter onset de-
lays for smaller separation angles. However, most of the
energetic electrons arrive with rather large delays. These
delays, especially for far separated spacecraft could be ex-
plained by strong perpendicular diffusion in the interplan-
etary medium. However, even most of the well-connected
events around zero degrees separation angle show delays
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Figure 1: Maximum intensities of 65-105 keV electrons as
measured by STEREO A, B, and ACE as function of the
longitudinal separation angle between source location and
magnetic footpoint of the spacecraft. Each of the different
events is illustrated in a different color.

up to ∼50 minutes, which is a 30 minutes delay with re-
spect to the scatter-free onset time along a nominal Parker
spiral. Furthermore, the January 17, 2010 SEP event (#
2, pink-violet in Fig. 2), which has been analyzed by [4]
and found to be an event with probable strong perpendicu-
lar diffusion shows intermediate onset delays compared to
other events studied here. This suggests that the large de-
lays may be not only due to scattering but may be caused
by other processes as i.e. a later injection. We find a simi-
lar longitudinal dependence of the rise times of the events
(not shown here).
Table 1 lists associated CMEs and type II radio bursts (last
two columns). While 14 of the 19 events are accompanied
by a type II burst, indicating the presence of a coronal or
interplanetary shock, even 18 events are accompanied by
CMEs. This suggests that CMEs and shocks may be an im-
portant ingredient for the broad angular SEP distributions.
Note, that for some events there are no ground-based radio
observations due to data gaps or because the source active
region lies on the backside of the Sun as seen from Earth.
In a simple picture we would expect a larger and faster
CME to drive a broader and stronger shock wave which
acts as additional source region for the SEPs (c.f. [5]). The
broader and stronger this shock, the broader is the particle
spread we would expect. Furthermore, a propagating CME
may deform the interplanetary magnetic field and modify
the magnetic connections to the spacecraft. However, we
do not find a correlation between CME parameters and the
broadness of the events as shown in Fig. 3 which displays
the CME width as function of the standard deviation σ de-
termined from the fits. Also the CME speed does not show
any dependence on σ (not shown here).
If strong scattering and perpendicular transport would be
the main reason for the observed wide SEP spreads, we
would expect a longitudinal anisotropy distribution which
follows the distribution of maximum intensities. Thus we
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Figure 2: Onset delays (time from type III burst onset to
electron onset at spacecraft +8 min) as function of longitu-
dinal separation angle. The horizontal solid line marks the
expected travel time of 65-105 keV electrons along a nom-
inal Parker field line of 1.16 AU length. Distances in AU
corresponding to certain time delays are illustrated on the
right handed vertical axis.

would expect stronger anisotropy for smaller separation an-
gles and vanishing anisotropy for larger separations. Actu-
ally we find such an overall anisotropy dependence but in
several cases the anisotropy distribution deviates from this
expected behavior (not shown).

4 The longitudinal event broadness at 1 AU
The STEREO spacecraft in combination with near-Earth
observatories cover a broad longitudinal range at 1 AU dis-
tance. However, a multi-spacecraft observation of an SEP
event just reflects a lower limit of the real broadness of the
SEP distribution. If one of the three viewpoints does not
observe the event, it provides an upper limit for the lon-
gitudinal broadness but probably this is still far from the
real distribution. To get a handle for the real longitudinal
broadness of the events at 1 AU, we fit the maximum in-
tensity distributions as explained in section 3 and shown in
Fig. 1. The black horizontal line illustrates a background
value below which no increase can be detected any more.
The broadness of each event is now illustrated by the in-
tersection of the fitted curve with this line. Fig. 1 also il-
lustrates that the broadness of an event is defined by both,
the standard deviation σ and the maximum injected inten-
sity I0. A smaller σ but a large injected intensity can yield
broad distributions as well as a large σ with less intensity.
This dependence is illustrated in Fig. 4. The dashed lines
represent I0-σ combinations leading to a broadness of 180,
300, and 360 degrees at 1 AU, respectively. The fitted val-
ues of 12 events (which were well described by the fits)
have been added to that plot and show, that the broadnesses
of these wide-spread events all lie above 180 degrees with
some events even filling the whole range of 360 degrees
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Figure 3: CME width as function of σ (from fit). A CME
width of 0 ◦ means that there was no associated CME.
The width has been determined using the cactus database
(http://sidc.oma.be/cactus/) and the LASCO CME
catalog (http://cdaw.gsfc.nasa.gov/CME_list/).

around the Sun.

5 Summary and Concluding Remarks
In this study we collected a list of wide-spread solar ener-
getic electron events observed by multiple spacecraft. By
approximating the longitudinal maximum intensity distri-
bution by the form I0 exp[−φ/2σ2], we determine a rep-
resentative longitudinal event broadness at 1 AU which
varies between 180 and 360 degrees.
Furtheron, we analyze event key parameters in terms of
their longitudinal dependence in a statistical manner to in-
vestigate the mechanisms yielding such extremely large
SEP spreads at 1 AU. Maximum intensities, onset delays,
and rise times of the events are well organized by the lon-
gitudinal separation angle, suggesting that scattering and
efficient perpendicular diffusion could play a major role
in producing the spread. However, by comparing to the
January 17, 2010 SEP event (c.f. [4]) we find that sev-
eral events show even much larger onset delays than the
January 17 event, which is assumed to be an example for
strong perpendicular diffusion in the IP medium. Further-
more CMEs accompany almost all of the event and 14 out
of 19 event are accompanied by a coronal or IP shock as in-
dicated by the associated type II radio burst. Together with
anisotropy indices which do not show such a clear longi-
tudinal dependence we suspect that larger source regions
due to a coronal shock or coronal transport may be present
for the wide-spread events. This complex scenario also in-
cludes a possible mixture of flare-accelerated and shock-
accelerated particles, with varying relative importance de-
pending on the longitude of the observer. The simple and
classical idea by [5] for wide-spread proton events which
arise due to broad CME driven shocks can not be applied

0 20 40 60 80 100 120 140
σ (degrees)

101

102

103

104

105

106

M
ax

im
um

 In
te

ns
ity

 I 0

--- 180 degree braodness

--- 300 degree braodness

--- 360 degree braodness

Figure 4: Fit values I0 vs. σ from fitted maximum intensity
distributions. The dashed lines represent the theoretical I0-
σ combinations for longitudinal distribution broadnesses
of 180, 300, and 360 degrees, respectively.

to the observed wide-spread electron events. The electrons
already arrive the spacecraft before the associated CME
can propagate far from the Sun and expand over broad an-
gular ranges. However, an extremely broad coronal shock
wave, coronal transport and possibly additional perpendic-
ular diffusion may be closer to the real scenario. Further-
more, sympathetic events, meaning that one solar event
quickly (after some minutes) triggers another one building
several source regions at the Sun could be a possible rea-
son. To disentangle the processes influencing and produc-
ing a wide-spread SEP event however, requires a detailed
analysis of that event especially assuming that wide-spread
events are formed due to an interplay of different and vary-
ing mechanisms.
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N. and Heber, B. and Ho, G. C. and Decker, R. B. and Roelof,
E. C., The Astrophysical Journal 767 (2013)
doi:10.1088/0004-637X/767/1/41
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