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[1] We have surveyed the �20–160 keV/nucleon heavy
ion composition of 2102 upstream events observed by the
Wind/STEP instrument near the Earth’s bow shock over a
complete solar cycle from day 325, 1994 through day 90,
2006. Our main results are: (1) During solar minimum
conditions, both the C/O and Fe/O ratios are similar to the
corresponding values measured in the solar wind and/or
CIRs. (2) During solar maximum conditions, the C/O ratio
is similar to that measured in SEP and CME-driven IP shock
events, while the Fe/O ratio lies between the values
measured in IP shock and SEP events. We conclude that
the source material for upstream events near the Earth’s bow
shock originates from a dynamic suprathermal ion
population that is dominated by ions accelerated in SEP
events during solar maximum conditions and by
suprathermal solar wind ions and/or those accelerated in
CIRs during solar minimum conditions. Citation: Desai, M. I.,

G. M. Mason, J. E. Mazur, and J. R. Dwyer (2006), Origin of

heavy ions in upstream events near the Earth’s bow shock,

Geophys. Res. Lett., 33, L18104, doi:10.1029/2006GL027277.

1. Introduction

[2] The origin of ion intensity enhancements in the
energy range of a few keV up to �1–2 MeV and lasting
between a few minutes up to �1–2 hours observed
upstream of the Earth’s bow shock has been highly
controversial since they were first observed in the 1960’s
[e.g., Asbridge et al., 1968; Sarris et al., 1976; Scholer et
al., 1979]. The main competing hypotheses for the pro-
duction of such upstream ion events are: (1) the first-order
Fermi acceleration of solar wind ions at the Earth’s bow
shock [Ipavich et al., 1981; Lee, 1982; Ellison et al.,
1990], (2) the acceleration of solar or ionospheric ions
inside the ring current followed by leakage into the
upstream medium [e.g., Anagnostopoulos et al., 2005],
and (3) the acceleration of ions in cusp diamagnetic
cavities by ultra-low frequency waves followed by escape
into the upstream region through open field lines [Chen et
al., 2005]. Although identifying the actual sites where the
upstream ions are energized has generated intense debate
over the last few years [e.g., see Sheldon et al., 2003;
Trattner et al., 2003], we remark that successful modeling

of these events also requires an unambiguous identification
of the source material that is accelerated.
[3] The launch of advanced composition instruments on

board the Wind spacecraft has provided us with a unique
opportunity to address the question of the origin of the
source material for upstream events. Using elemental com-
position measurements, Mason et al. [1996] showed that the
heavy ion composition in some upstream events was similar
to that measured in corotating interaction regions or CIRs,
while a study by Dwyer et al. [1997] found a single
upstream event with unusually large (about a factor of
�400) enhancement in the 3He/4He ratio when compared
with the corresponding value measured in the slow solar
wind (�4 � 10�4 [from Gloeckler and Geiss, 1998]).
Although these results were interpreted as evidence for the
re-acceleration of an energetic seed population originating
from CIRs or solar energetic particles (SEPs) at the Earth’s
bow shock, strictly speaking the authors did not rule out the
possibility that the re-acceleration process could have
occurred inside the magnetosphere. Indeed evidence for
small but significant contributions of low-charge state
magnetospheric ions (e.g., O+, N+, O2+, N2+) during a small
fraction of upstream events has also been reported [Möbius
et al., 1986; Christon et al., 2000; Posner et al., 2002;
Keika et al., 2004], thereby raising the possibility that the
seed population for upstream ion events comprises ions
from multiple solar and interplanetary sources such as the
solar wind, CIRs, and SEP events, as well as from the
Earth’s ionosphere.
[4] In surveying 1225 upstream events observed at the

Wind spacecraft, Desai et al. [2000] found that the average
heavy ion composition above �30 keV/nucleon in upstream
events during 1994 through early 1999 was similar to the
average values measured in the solar wind or CIRs. Since
the heavy ion abundances in these populations are roughly
similar, Desai et al. [2000] were unable to ascertain whether
the source material for the vast majority of upstream events
originated from the recently discovered ubiquitous supra-
thermal tail [e.g., see Gloeckler, 2003] or from the more
abundant thermal solar wind peak.
[5] In this letter we extend the earlier work of Desai et al.

[2000] and examine for the first time annual variations in
the composition of >20 keV/nucleon heavy ions in 2102
upstream ion events observed over a complete solar cycle
from day 325, 1994 through day 90, 2006. We find that the
heavy ion composition of upstream ion events near the
Earth’s bow shock during solar minimum conditions of
1994–1997 and 2005 is similar to that measured in CIRs
and/or the solar wind. In contrast, the composition of
upstream ions during the solar maximum period of 1998–
2004 is similar to that measured in SEP events. We
conclude that the source material for the upstream events
studied here originates primarily from the dynamic supra-
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thermal ion population whose heavy ion composition also
varies with solar activity [Desai et al., 2006a].

2. Instrumentation, Data Analysis, and Event
Selection Criteria

[6] We use 20–160 keV/nucleon ion measurements
obtained by the SupraThermal through Energetic Particle
telescope (STEP) [von Rosenvinge et al., 1995] on board the
Wind spacecraft [Acuña et al., 1995], launched in November
1994. STEP is a time-of-flight vs. residual energy mass
spectrometer with a geometry factor of 0.4 cm2 sr, a 10 cm
flight path, and measures H-Ni ions in the 0.02–2 MeV/
nucleon energy range. STEP also measures the sunward to
earthward anisotropy of heavy ions in 8-sectors of two
identical telescopes pointed at 64� and 116� to the space-
craft spin axis that points along the +Z direction in the
Geocentric Solar Ecliptic (GSE) coordinate system.
[7] We have analyzed 2102 upstream events that

occurred between day 325, 1994 through day 90, 2006
and satisfied the selection criteria used by Desai et al.

[2000]. Specifically, these are (1) abrupt increases in the 40–
80 keV/nucleon CNO intensity above 5 particles (cm2 s sr
MeV/nucleon)�1, (2) event duration is greater than 3 minutes,
(3) two or more events within 30 minutes are considered as
the same event, (4) the mean CNO intensity measured along
the sunward direction in the solar wind frame is greater than
that measured in the earthward direction, and (5) the event
is observed when Wind was more than 20 RE upstream of
the Earth. Further details are provided by Desai et al.
[2000].
[8] Figure 1 provides an overview of a sequence of

8 upstream events in 2006 that satisfied the above criteria.
The upstream events are seen as short duration enhance-
ments in the intensity of �40–80 keV/nucleon C+N+O
ions. In general, most upstream events in our survey show
intensity enhancements that extend up to �160 keV/nucleon
for CNO ions and up to �80 keV/nucleon for Fe ions [see
Desai et al., 2000]. In addition, as Figure 1b shows, most
of the upstream events occur in association with the arrival
of high-speed solar wind streams at Earth.

3. Heavy Ion Composition

[9] Figure 2 shows the 40–80 keV/nucleon mass histo-
grams of C-Fe ions obtained by Wind/STEP during all the
upstream events observed in 1995, 2001, and 2005. Each
histogram is normalized to the total number of O counts
obtained during the events of 1995. These results show that
the histograms and the C/O and Fe/O ratios for the upstream
events in 1995 and 2005 are remarkably similar. In contrast,
the upstream events in 2001 are depleted in C but enriched
in Fe. Although the mass peaks in the range Ne-Si are not
separately resolved, it is nonetheless clear that Ne is more
abundant than Mg and Si for the events in 1995 and 2005,
while it is somewhat less abundant for those that occurred in
2001.
[10] Although the C, O, and Fe mass peaks are resolved,

we note that the C and O peaks are broad partly because
these measurements are obtained near the lower-energy
threshold of STEP where the mass resolution is relatively
poor. This results in the more abundant O ions spilling over
into the C mass range. In order to compare and compute the
C/O ratio for upstream events we therefore used the 80–

Figure 1. Example of a series of upstream ion events
observed by the Wind/STEP instrument from day 77–day
83, 2006. Ninety-six second averages of the (a) 40–80 keV/
nucleon C+N+O intensities and (b) solar wind speed.
Intensity spikes identified as 1–8 are upstream ion events
that satisfied our selection criteria (see text for details).

Figure 2. The 40–80 keV nucleon�1 heavy ion mass
histograms (binsize = 0.2 AMU) during all upstream events
in 1995, 2001, and 2005, normalized to O counts in 1995.

Figure 3. The 80–160 keV nucleon�1 mass histograms of
CNO ions during the upstream events in 1995, 2001, and
2005, normalized to O counts in 1995.
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160 keV/nucleon CNO mass histograms as shown in
Figure 3.
[11] Using similar histograms obtained for upstream

events observed in each year we calculated the 40–80 keV
nucleon�1 Fe/O ratio and the 80–160 keV/nucleon C/O
ratio by taking ratios of the total number of counts measured
over the following mass ranges: 10–13.5 AMU for
C; 13.5–18 AMU for O; and 47–70 for Fe. Figure 4
compares the annual variations of these abundances with
the average values measured in 3He-rich [Mason et al.,
2004] and large gradual SEP [Desai et al., 2006b] events,
coronal mass ejection (CME) -driven interplanetary (IP)
shocks [Desai et al., 2003], fast and slow solar wind [von
Steiger et al., 2000], and CIRs [Mason et al., 1997].
Figure 4c shows the annual occurrence rates of upstream
events, X-ray flares (C, M, & X-class), and sunspots.

[12] During 1998–2004, the ion intensities above �20
keV/nucleon measured by Wind/STEP remained elevated
due to intense frequent contributions from impulsive solar
flares, large gradual SEP events, and CME-driven IP shocks
[Desai et al., 2006a]. In contrast, during solar minimum
periods of 1994–1997 and 2005, the CIRs at 1 AU
produced less intense particle enhancements that were
observed once every �26 days [Mason et al., 1997]. To
minimize the effects of these variations on the detection rate
of upstream events we divided the number of events
observed in each year by the number of observation days
available for detecting upstream events during that year.
This is taken as the number of ‘‘quiet-days’’ identified in the
work of Desai et al. [2006a] when the daily averaged �80–
160 keV/nucleon Fe intensity fell below 10�2 particles
(cm2 s sr MeV/nucleon)�1.
[13] Figure 4 clearly shows that the occurrence rate of

upstream events peaks in 1999 and depends on the phase of
the solar activity cycle, as measured in terms of the occur-
rence rates of X-ray flares and sunspots. Specifically, we note
that (1) greatest occurrence rates are observed during periods
of low and rising solar activity from 1994–2000. (2) The
event occurrence rate during 2005–2006 is significantly
lower than that observed during the minimum of the previous
solar activity cycle.
[14] The C/O and Fe/O ratios exhibit clear dependences

on solar activity with the C/O ratio varying by about a factor
of �2 and the Fe/O ratio varying by a factor of �4. In
particular, note that: (1) During solar minimum the C/O
ratio is similar to that seen in the solar wind and CIRs while
during active periods it decreases towards values seen in
gradual and impulsive SEPs and IP shocks. (2) During
periods of low solar activity the Fe/O ratio lies close to the
solar wind and CIR values, while in periods of high solar
activity it increases towards values seen in IP shocks and
SEP events.

4. Discussion

[15] We have surveyed the occurrence rate and the �20–
160 keV/nucleon heavy ion composition of 2102 upstream
ion events observed by the Wind/STEP instrument near the
Earth’s bow shock over a complete solar cycle. Our main
results are as follows:
[16] 1. During solar minimum conditions, both the C/O

and Fe/O ratios are similar to the corresponding values
measured in the solar wind and/or CIRs.
[17] 2. During solar maximum conditions, the C/O ratio

is similar to that measured in SEP and CME-driven IP shock
events, while the Fe/O ratio lies between the values
measured in IP shock and SEP events.
[18] 3. The upstream event occurrence rate depends on

the phase of the solar activity cycle, with the greatest rates
occurring during periods of low and rising solar activity
from 1994–2000.
[19] 4. The event occurrence rate during 2005–2006 is

significantly lower than that observed during the minimum
of the previous solar activity cycle.
[20] During solar minimum of 1994–1997, corotating

high-speed solar wind streams resulted in recurrent geo-
magnetic storms that were accompanied by moderate-to-
intense enhancements in the planetary Kp index [e.g., Baker

Figure 4. (a) The 80–160 keV/nucleon C/O and (b) the
40–80 keV/nucleon Fe/O ratios measured by Wind/STEP
during the upstream events observed in each year from
1994–2006. (c) Annual occurrence rates of x-ray flares,
sunspots, and upstream events, normalized to the maximum
value for each quantity (see text for details). Data for 1994
and 2006 are combined with that from 1995 and 2005,
respectively. Horizontal dashed lines in Figures 4a and 4b
represent average abundances measured in various helio-
spheric ion populations: Orange: corotating interaction
regions (CIRs) [Mason et al., 1997]; brown: 3He-rich or
impulsive solar energetic particle events (ISEPs) [Mason et
al., 2004]; red: large gradual solar energetic particle events
or (LSEPs) [Desai et al., 2006b]; purple: CME-driven IP
shock events (IP shocks) [Desai et al., 2003]; blue: fast
solar wind or FSW; and green: slow solar wind or SSW.
Average solar wind values are taken from von Steiger et al.
[2000].
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et al., 1994]. Upstream ion events occurred in close asso-
ciation with the arrival of such high-speed streams at Earth
[Mason et al., 1996; Desai et al., 2000]. In contrast, during
periods of high solar activity from 2000–2004, the helio-
sphere was dominated by slow-to-moderate solar wind flow
frequently punctuated by the episodic arrival of transient
CMEs and their interplanetary shocks [McComas et al.,
2006]. Since CMEs are also associated with fast solar wind
speeds and produce strong geomagnetic storms, it is some-
what puzzling that the occurrence rate of upstream events
during 2001–2004 is significantly lower than that seen
during 1994–1996 and 1998–2000. It is possible that the
CIR-associated fast solar wind streams produce conditions
that are somehow more conducive for the production of
upstream ion events. However, detailed comparative case
studies beyond the scope of this letter are required to better
understand this phenomenon. In any case, the relatively low
occurrence rate of upstream events during the minimum of
the ongoing solar activity cycle may be due to the lack of a
well-ordered recurrent stream structure that dominated the
heliosphere inside �5 AU during the minimum of cycle 22
[McComas et al., 2006].
[21] Given the fact that the C/O and Fe/O ratios measured

in the bulk solar wind do not exhibit large variations as a
function of solar cycle [von Steiger et al., 2000], the strong
dependence of the heavy ion composition of upstream events
on solar activity reported here is not expected if the bulk solar
wind provides the source material for upstream events. The
differences between the heavy ion composition of upstream
events seen during periods of increased solar activity from
1998–2003 and those seen during periods of low solar
activity from 1994–1997 and 2005 are similar to the reported
differences between CIR and SEP events [e.g., Mason and
Sanderson, 1999], wherein those seen during quieter solar
periods contain the signature of CIRs, while those that occur
during active solar periods resemble the composition of SEP
events. While these results clearly show that the heavy ion
composition in upstream events depends on the level of solar
activity, it does remain to be seen if such trends are also
observed during the upcoming solar cycle.
[22] Such differences are also seen in the quiet-time heavy

ion suprathermal population between �6–30 times the solar
wind speed that is ubiquitous near 1 AU [Desai et al., 2006a].
This dynamic suprathermal population serves as a reservoir
of material that is accelerated at CME-driven IP shocks in
interplanetary space [Desai et al., 2003] and in the solar
corona [Desai et al., 2006b]. Since the upstream event
heavy ion abundances differ markedly from bulk solar wind
values, and are very similar to those of the quiet-time supra-
thermals, we conclude that this suprathermal ion population
provides much of the source material for the upstream events
observed near the Earth’s bow shock. Thus, in addition to the
various challenges listed byDesai et al. [2000], current mod-
els for upstream ion events e.g., Fermi acceleration at the
bow shock [Trattner et al., 2003], magnetospheric leakage
[Anagnostopoulos et al., 2005], and cusp acceleration [Chen
et al., 2005] must also take account of the dynamic nature
of the suprathermal source material.
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