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[1]1 In this study we compare nearly 5 years of solar wind proton speed and temperature
measurements from the Solar Wind Electron Proton Alpha Monitor (SWEPAM) on the
Advanced Composition Explorer (ACE) to derive an improved expected temperature
formula to identify interplanetary coronal mass ejections (ICMEs). Anomalously low
proton temperatures have long been associated with ICMEs. When transient ICMEs are
not present, the solar wind speed and temperature are highly correlated, and previous
studies have derived fits to these measurements. Using these fits, an expected temperature
is determined from the solar wind speed. Anomalously low temperatures have been
identified as times when the ratio of the measured to expected temperature is below 0.5. In
this study we remove ICMEs before fitting the remaining data. Fast and slow parcels in
the solar wind interact and cause compressions and rarefactions as the solar wind moves

away from the Sun. Since such interaction causes the speed and temperature of these
parcels to change, we separately fit compression and rarefactions. We find that the
expected temperature formula derived in this way provides a better way of identifying
ICMEs than previous formulas, particularly in compression regions.
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1. Introduction

[2] Early in situ solar wind measurements showed that
solar wind proton temperature and speed are generally well
correlated [Neugebauer and Snyder, 1966]. Many studies
since then have fit proton temperature (7p) as a function of
speed (V). The “expected temperature” (7,,) is an estimate
of the temperature determined from solar wind speed
measurements using a formula based on a fit. One of the
carliest fits was done by Hundhausen et al. [1970], who
concluded that Vela 3 data could be fit well with either a
linear fit to \/Tp or Tp versus V. Burlaga and Ogilvie [1970]
fit \/Tp versus V in their analysis of Explorer 34 data. Lopez
and Freeman [1986] found that the slope of the Tp-V curve
changes at speeds >500 km s, and they fit data above this
value with either a line or a power law. Subsequent studies
by Lopez [1987] and Richardson and Cane [1987] used
linear fits at speeds >500 km s~ ' and fit \/Tp versus V at
speeds <500 km s~ . Neugebauer and Goldstein [1997]
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used a single linear relationship between Vand 7p. A more
recent study by Neugebauer et al. [2003] used two separate
quadratic fits at speeds above and below 450 km s .

[3] By examining data over many years, Burlaga and
Ogilvie [1973] and Lopez and Freeman [1986] found that
the fits of 7p versus V" do not vary significantly from year to
year over the solar cycle. However, there are times when the
proton temperature is anomalously low. Gosling et al.
[1973] found such times tend to follow interplanetary shocks
and to be associated with abnormally high He"™"/H" density
ratios (>15%). They concluded that anomalously low proton
temperatures were associated with expansion of solar ejecta
(CMEs). Specifically, they mention that the low tempe-
ratures could be due to differing thermal properties caused
by either disconnection of the ejecta from the Sun or from
ejecta that stay connected to the Sun but originate from a
small region on the Sun and then expand into large structures
in solar wind.

[4] Interplanetary coronal mass ejections (ICMEs) can be
identified using a variety of in situ measurements including
magnetic field, solar wind ions, suprathermal electrons,
energetic protons, heavy ion composition, and cosmic rays.
Many ICMEs with high speeds are preceded by an inter-
planetary shock, and the ICMEs are often referred to as
ejecta. Such shocks can be identified as sharp increases in
speed, density, temperature, and field strength. Three long-
established ICME (ejecta) criteria are low proton plasma beta
(B = nykT, P/(Bz/u,,)), high n./n,, and counterstreaming elec-
trons which can indicate a closed magnetic field geometry
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[e.g., Gosling, 1996, 1997; Neugebauer and Goldstein,
1997]. More recently, it has been established that large
07 /0%" density ratios (>1) are well associated with ICMEs,
where such high O7*/0°" density ratios indicate ICMEs
have higher than normal coronal temperatures [Zurbuchen
et al., 2002; Henke et al., 2001]. Gosling et al. [1987]
established the link between anomalously low temperature
regions and ICMEs identified by the presence of counter-
streaming electrons. They found that counterstreaming
electron events had, on average, lower plasma betas, higher
magnetic field strength, and lower proton and electron
temperatures than surrounding solar wind. Richardson and
Cane [1995] found Tp/T,, < 0.5 to be a useful criterion for
identifying ICMEs. Although many different ICME signa-
tures are used to identify ICMEs, no one signature works all
the time [e.g., Gosling, 1996; Neugebauer and Goldstein,
1997], and the presence of a given signature varies within
an ICME [Burlaga et al., 2001, and references therein].
Previous expected temperature studies (mentioned in the
first paragraph) did not remove ICMEs prior to fitting 7p
versus V. A unique aspect of our study is that we remove
ICMEs using several criteria prior to fitting (section 2.2).
We remove them because we seek an expected temperature
formula that represents the relationship commonly found
between 7p and ¥ when ICMEs are not present.

[5] Not all missions have had extensive instrument suites,
but most had a magnetometer and a bulk solar wind
instrument. Therefore low 7p/T,. was one of only a few
ICME indicators available for some older missions (e.g.,
Voyager 1 and 2). An expected temperature formula played
an important role in the recent Genesis mission, which was
designed to determine the elemental and isotopic composi-
tion of the outer layers of the Sun by collecting samples in
interplanetary space near 1 AU. Different collectors were
exposed to the solar wind according to the type of wind
being observed. Genesis had a sophisticated algorithm for
determining the type of wind [Neugebauer et al., 2003].
However, it did not have a magnetometer, so ICMEs were
identified by several plasma properties: the presence of a
shock, counterstreaming suprathermal electrons, high alpha
to proton density ratios (na/np), and low Tp/T,.. Since valid
alpha particle and electron measurements are not always
available, Tp/T,, was at times an important criterion used to
identify ICMEs.

[6] None of the previous studies treated compression and
rarefaction regions separately. However, an early study by
Gosling et al. [1972] modeled dynamic interactions and
found that compressional heating could account for half the
temperature rise observed on the leading edge of a high-
speed stream. Later, Gosling et al. [1973] found that
anomalously low proton temperatures were even lower than
could be explained by rarefactional cooling in the trailing
part of high-speed streams. Lopez [1987] and Lopez and
Freeman [1986] estimated that stream-stream interactions
would cause temperature variations between 12% and 22%.
Burlaga and Ogilvie [1973] suggested that temperature
could be separated into two components: one that depends
on speed and another that depends on time. The time
variation would represent the dynamic evolution of streams
and the speed-dependent term would reflect the acceleration
and heating near the Sun. Heating occurs in compressions as
fast wind overtakes slow wind (increasing speed profile)
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and cooling occurs in rarefaction as fast wind outdistances
slower trailing wind (decreasing speed profile). Since we
expect compressions to be hotter and consequently to have a
different 7p-V curve than rarefactions, we fit compressions
and rarefactions separately (sections 2.3 and 2.4). Performing
separate fits causes our formula to have higher 7,, in
compressions and lower T, in rarefactions than previous
formulas. Gosling et al. [1973] found anomalously low
temperatures frequently occur when the speed profile is
nearly constant or decreasing (rarefactions). We can deter-
mine if temperatures in compression regions associated with
ICMEs are anomalously low relative to elevated tempe-
ratures typical for CIRs compressions.

2. Observations and Analysis
2.1. Instrumentation

[7] We use hourly averages of Vand Tp determined from
the Solar Wind Electron Proton Alpha Monitor (SWEPAM)
[McComas et al., 1998] on the Advanced Composition
Explorer (ACE) spacecraft. Although SWEPAM ion mea-
surements are available at 64 s resolution, we use the hourly
ion measurements in our study since speed and temperature
are well correlated on large scales. Consequently, our
formulas as well as all other expected temperature formulas
do not describe the small-scale structure associated with the
shocks as discussed by Ipavich et al. [1998]. The Vand Tp
are derived from moments of proton distributions, and 7p is
the radial proton temperature. To help identify and cull
possible ICMEs, we also use hourly level 2 ACE magne-
tometer (MAG) measurements [Smith et al., 1998] and ACE
Solar Wind Ion Composition Spectrometer (SWICS)
[Gloeckler et al., 1998] heavy ion measurements. We
analyze data starting from the first ACE SWEPAM mea-
surements on day 035 of 1998 up through day 248 of 2003.

2.2. Culling ICMEs

[s] We identify ICMEs in the hourly data using three
criteria: low proton plasma beta (3 < 0.1), high alpha to
proton density ratio (n./n, > 0.8), and high 0" to O°
density ratio (n(0O’")/n(0°") > 1). As mentioned in
the introduction, low 3 and high na/np are long-established
ICME indicators [e.g., Neugebauer and Goldstein, 1997],
and high n(O"")/n(0°") recently has been established as a
reliable ICME indicator [Zurbuchen et al., 2002; Henke et
al., 2001]. Although this is not a comprehensive list of
ICME signatures, the ones we selected are readily available
and together provide reliable ICME identification. To en-
sure that we have excluded ICME times, we also remove
any data points that fall within 24 hours of times when any
one of our three criteria is satisfied.

[9] We use the above criteria to sort our data set into two
primary groups: ‘“possible” ICME data, satisfying any one
of our ICME criteria or taken within a day of satisfying a
criterion (Figure 1a), and “non-ICME” data remaining after
removal of “possible” ICMEs (Figure 1c). We use only the
“non-ICME” data to determine expected temperature for-
mulas. Since the “likely” ICME category satisfies all three
criteria, it is associated with the ejecta itself. However, since
the “possible” ICME category corresponds to all data
within 24 hours of a satisfied criterion, it includes the
ejecta, some adjacent ambient solar wind, shocks, and
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Figure 1.

Solar wind proton temperature versus speed. (a) Data satisfying any of our criteria for being

an ICME and data occurring within 24 hours of a satisfied criterion. (b) Data satisfying all three criteria.

(¢) Data remaining after culling ICMEs.

turbulent regions behind the shocks. In Figure 1b we show a
subset of “possible”” ICMEs called “likely”” ICMEs, which
satisfy all three criteria. These “likely” ICME data form a
low-temperature branch off the main line of points, in part
because beta is the ratio of thermal to magnetic pressure.
Therefore low-proton beta can be caused by low temper-
atures. Our criteria are successful at removing most ICMEs
from the “non-ICME” subset, although a small number may
remain. As earlier studies have indicated 7p and V are well
correlated for non-ICME data, and many ICMEs have low
Tp and do not show a clear correlation between 7p and V.

2.3. Separating Compressions and Rarefactions

[10] After culling the data, we sort the data into com-
pressions and rarefactions using the slope of a 2-day
running average of solar wind speed versus time. Positive
slopes are labeled as compressions, and negative slopes are
labeled as rarefactions. However, if the magnitude of the
slope is <£2.2 x 10~* km s, it is labeled as “other.” This
slope criterion is large enough to remove times that are flat
and small enough so that clear compressions and rarefac-
tions are not categorized as “other.” Figure 2 shows a solar

wind speed time series separated into rarefactions (blue),
compressions (orange), and “other” (black) regions. We
apply this algorithm to the entire data set. Figure 3 shows
the color-coded compressions and rarefactions with the
ICMEs removed, and temperature is plotted on a logarith-
mic scale to clearly show the separation between compres-
sions and rarefactions. As expected, the compression data is
shifted to higher temperatures than the rarefaction data.

2.4. Fitting Compressions and Rarefactions Separately

[11] After sorting and culling the data, we analyze com-
pression and rarefaction scatterplots of 7p versus V sepa-
rately. The compressions and rarefactions are shown
separately in Figure 4; it is clear that the solar wind at
1 AU (with ICMEs removed) rarely has speeds <300 km s~
or >760 km s~ '. In addition to examining these scatterplots,
we also placed the data with speeds between 300 km s~ ' and
760 km s~ data into 25 km s~ speed bins and calculate
average temperature for each bin (shown in black). We fit
both the binned data and the individual hourly data points;
we obtained similar formulas for both approaches. In
Figure 4 we show the formulas for the fits to the binned data.
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Figure 2. Solar wind speed time series separated into compressions (orange), rarefactions (bright blue),

and “other” (black).
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Figure 3. Temperature versus speed sorted into compres-
sions (orange) and rarefactions (bright blue) after removing
ICMEs. Temperature is on a logarithmic scale.

[12] We did not find the clear break in the 450—500 km s "
range found in previous studies [Lopez and Freeman, 1986;
Lopez, 1987; Richardson and Cane, 1987; Neugebauer et al.,
2003]. The rarefaction data have lower standard deviations
and are well represented by a single line, but the compression
data has larger standard deviations, particularly at high
speeds (>575 km s~ '). The compression data is not as linear
as the rarefactions, and at high speeds the compression data is
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so variable that we cannot determine definitively if there are
two branches, a break at 575 km s~ ', or if the data is merely
highly variable. More high-speed data is necessary to obtain a
definitive answer, since a small number of events may skew
the results. At high speeds the binned data seems to vary
above and below the line, but given the high variability, a
single line works well. Given the large standard deviations,
many different functions could describe the high-speed data
equally as well.

2.5. Assessing the Formula

[13] We assess how well our new formula works by
comparing the measured with expected temperatures and
by comparing our formula with the most recently published
formula determined using ACE-SWEPAM measurements
by Neugebauer et al. [2003, Figure 4]. From this point on
we refer to this formula as the N2003 formula. Figure 5a
shows the number of samples versus the ratio of the
measured to expected temperature (7p/T,.) for the non-
ICME data with compression in orange and rarefaction in
blue. The Tp/T,. distributions calculated using our new
formulas are thick lines, and the N2003 distributions are
thin. The two formulas have similar results in rarefaction
regions except for a small difference in peak locations. The
peak of the non-ICME rarefaction 7p/T,, distributions for
our formula and the N2003 one are both 0.83, reflecting the
similarity between the rarefaction formulas. Much larger
differences exist between the formulas in compression
regions. The peak of the non-ICME compression 7p/T,,
distribution should ideally be centered on 1, but it is at 0.93
using our formula, and at 1.23 using the N2003 formula. We
also determine what percentage of the non-ICME Tp/T,,
ratios lie within 15% of 1. In rarefactions that percentage is
33% for both formulas. However, in compressions the
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Figure 4. Linear fits to temperature versus speed where the compressions (left; orange) and rarefactions
(right; bright blue) are fit separately. In black is average 7p for 25 km s~ ' speed bins with the standard
deviations shown as error bars. Only data with speeds between 300 km s~ ' and 760 km s~ are fit. The fit

to the binned data is show as a solid black line.
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Figure 5. The number of samples with a given ratio of 7p/T,, separately for (a) non-ICME data and
(b) possible ICME data. Compressions are in orange and rarefactions in blue. The distributions for the
N2003 formulas are thin lines and the distributions for our formulas are thick lines.

percentages for the two methods differ more, with our
formula having 32% and the N2003 having 22%. Low
proton temperatures are not exclusive to ICMEs, since some
of the non-ICME data have low temperatures (Figure 5a).
Borrini et al. [1981] and Richardson and Cane [1995] both
found that low proton temperatures frequently occur near
sector boundaries associated with the current sheet and
surrounding plasma sheet.

[14] In Figure 5b we show the 7p/T,, distributions for
“possible”” ICMEs. This plot shows that many ICMEs have
low proton temperatures, and not all of the possible ICME
data have low Tp/T,.. The ICME rarefaction distributions
are similar for the two methods, since the rarefaction
formulas are similar. However, in compressions our new
formula identifies more of the possible ICMEs than the
N2003 formulas do. To further test the effectiveness of our
formulas as a tool for identifying ICMEs, we determined
what percentage of the “possible” and “likely”” ICME data
also had 7p/T,, < 0.5 (Table 1). Both methods identify a
higher percentage of the “likely”” ICMEs. In rarefactions
both methods identified the same percentages of likely and
possible ICMEs. In compression regions our method iden-
tified 14% more of the “possible” ICME data (within a day
of any satisfied criteria) and 8% more of the “likely”” ICME
data than the N2003 formula.

[15] Since we perform separate fits for compressions and
rarefactions, our formulas always produce lower 7, in
rarefactions and higher 7, in compressions than the N2003
formula. The advantage of performing separate fits is that
differences between the expected and measured temperatures
of the non-ICME data are reduced. Consequently, there will
be a difference in the ICME identification if a fixed value of
Tp/T,, is used as a threshold criterion. We determined the
percentage of ICME data with 7p/T,, < 0.5 that is classified
as compression, rarefaction, or other (Table 2). Using our

formula, we find there is a higher percentage of this low
Tp subset that are compressions than when we use the N2003
formula. Generally, more time is spent in rarefactions than in
compressions, which leads to more data being collected in
rarefactions than in compressions. The percentages of com-
pression and rarefaction associated with anomalously low
temperature ICMEs are nearly the same as the percentages as
found in the ambient wind (Table 2).

3. Summary and Conclusions

[16] The majority of the data points meeting all three of
the ICME criteria we have applied (low 3, high n./n,, high
n(0"")/n(0°%")) clearly have abnormally low proton temper-
atures. Low beta and high n(O”")/n(0®") intervals are
usually associated with magnetic clouds [Henke et al.,
2001; Burlaga et al., 2001]. We did not look at additional
magnetic cloud signatures, such as low variance in the
field or rotations of the field. However, given that high
n(0"")/n(0%") intervals have been associated with magnetic
clouds and that we find high n(O”")/n(0°") intervals to have
low ratios of Tp/T,,., low Tp/T,,, ratios might be a better
indicator for magnetic clouds than other types of ICME:s.

[17] Tt is possible that removing ICME data using a more
comprehensive list of ICME signatures might produce a
more accurate formula, but we feel that our 24-hour
criterion is strict enough to remove the majority of ICMEs

Table 1. Percentage of ICME Data Identified Using Each Formula

N2003 Formula

Likely Possible
ICMEs ICMEs

77% 15%
83% 36%

Our Formula

Likely Possible
ICMEs ICMEs

85% 29%
83% 36%

Compressions
Rarefactions
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Table 2. Percentage Data Identified as Compression, Rarefaction,
or Other

Possible ICMEs With 7p/T,, <0.5

Ambient Wind Our Formula N2003 Formula
Compression 26% 28% 17%
Rarefaction 33% 37% 43%
Other 41% 35% 40%

from the data set. Our formulas do a better job of reproducing
the measured temperatures of the non-ICME data. Further-
more, once we removed ICMEs and sorted the compressions
and rarefactions, we did not find any clear break between
450 km s~ ' and 500 km s~' in the Tp versus ¥ plots as
reported in other studies [Lopez and Freeman, 1986; Lopez,
1987; Richardson and Cane, 1987; Neugebauer et al., 2003].
Instead, we observed that at speeds greater than 600 km/s the
standard deviation of the temperature increases. The break
reported in other studies may reflect the separation between
compressions and rarefactions, and the increased variability
of the temperature at high speeds. Since no clear break was
found, we fit one line covering the full range of speeds.
Below are our formulas:

Compressions : T, = 640V — 1.56 x 10°

Rarefactions : T, =459V — 1.18 x 10°.

This formula reproduces the large-scale linear trend
between ¥V and Tp. Since the data points are scattered about
this curve, the formula does not reproduce small-scale
structures.

[18] Compressions generally have higher proton temper-
atures than rarefactions, as shown in Figure 3, and our
formulas reproduce this shift. Previous formulas fit all the
data without sorting compressions and rarefactions, and the
formula they obtained is closer to our rarefaction formula.
Since our formulas produce expected temperatures closer to
observed values, we can assess whether or not anomalously
low Tp intervals tend to have increasing or decreasing speed
profiles. Using our formulas, we find that 28% of the
“possible” ICME data with anomalously low temperatures
have an increasing speed profile (compression) and 37%
have a decreasing profile (rarefaction). Since we compare
ICME compressions to what is expected for non-ICME
compressions, we find that ICME compressions are more
anomalously low than previous formulas would indicate.
However, the percentages of compression and rarefaction
associated with anomalously low temperature ICMEs
occurs with nearly the same as the percentages as in the
ambient wind.

[19] Our expected temperature formulas identify more
of the “possible” ICME data than the last published
formula in compression regions, and in rarefaction
regions both methods identify similar percentages. Our
formulas provide expected temperatures that are closer to
the measured temperatures and identify more data in the
leading edges of ICMEs (compression regions) as anom-
alously low (7p/T,. < 0.5).
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