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Abstract We present a comprehensive statistical analysis of small solar wind transients (STs) in
2007–2009. Extending work on STs by Kilpua et al. (2009) to a 3 year period, we arrive at the following
identification criteria: (i) a duration < 12 h, (ii) a low proton temperature and/or a low proton beta, and
(iii) enhanced field strength relative to the 3 year average. In addition, it must have at least one of the
following: (a) decreased magnetic field variability, (b) large, coherent rotation of the field vector, (c) low
Alfvén Mach number, and (d) Te∕Tp higher than the 3 year average. These criteria include magnetic flux
ropes. We searched for STs using Wind and STEREO data. We exclude Alfvénic fluctuations. Case studies
illustrate features of these configurations. In total, we find 126 examples, ∼ 81% of which lie in the slow solar
wind (≤ 450 km s−1). Many start or end with sharp field and flow gradients/discontinuities. Year 2009 had
the largest number of STs. The average ST duration is ∼ 4.3 h, 75% < 6 h. Comparing with interplanetary
coronal mass ejections (ICMEs) in the same solar minimum, we find the major difference to be that Tp in STs
is not significantly less than the expected Tp. Thus, whereas a low Tp is generally considered a very reliable
signature of ICMEs, it is not a robust signature of STs. Finally, since plasma ! ∼ 1, force-free modeling of STs
having a magnetic flux rope geometry may be inappropriate.

1. Introduction

Interplanetary coronal mass ejections (ICMEs) and their subset magnetic clouds (MCs) occupy a central
place in discussions of the influence of the active Sun on the disturbance level of the terrestrial magneto-
sphere. This is because these configurations typically possess physical parameters which may reach up to
extreme values that last for several hours [see, e.g., Farrugia et al., 1997]. MCs, which are characterized by an
above-average magnetic field strength, a large and smooth rotation of the field vector in a plasma of low
proton temperature and/or proton beta (Tp and !p) [Burlaga et al., 1981; Klein and Burlaga, 1982], have been
modeled as magnetic flux ropes [Burlaga et al., 1981; Goldstein et al., 1983] in a linear force-free approxi-
mation [Burlaga, 1988; Lepping et al., 1990]. The capabilities of Heliospheric Imagers [Eyles et al., 2009] on
STEREO/SECCHI [Howard et al., 2008] to remotely sense these large structures as they erupt from the Sun and
propagate through the inner heliosphere allow comparisons with in situ observations. Much effort is being
invested in the prediction of the arrival time and in situ properties from remote sensing observations [see,
e.g., Rollett et al., 2012; Möstl et al., 2011, and references therein] under various assumptions for the shape
of the transients (e.g., The Fixed - Phi [Kahler and Webb, 2007] and the Harmonic Mean [Lugaz et al., 2009]).
ICME/MC passage at Earth typically lasts for periods of order 1 day giving them a scale size of ∼0.30 AU at
1 AU (speed dependent).

Small transients (STs) in the solar wind have also attracted considerable interest, although for different rea-
sons. By “small” we mean configurations whose passage at Earth may last from a few tens of minutes to a
few hours. Some of these STs may have the geometry of small magnetic flux ropes. Indeed, attention has
also been repeatedly drawn to the presence of small flux ropes in the solar wind [e.g., Moldwin et al., 2000;
Feng et al., 2007, 2008; Cartwright and Moldwin, 2008, 2010; Ruan et al., 2009]. A main question that has been
raised in these studies concerns the possible relation between these STs and the large-scale ICMEs/MCs.
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Table 1. Average Values of Key Solar Wind Parameters in 2007–2009 Observed by Wind and ST-A, ST-B

Wind Wind ST-A ST-A ST-B ST-B
2007–2009 Average Standard Deviation Average Standard Deviation Average Standard Deviation

B (nT) 4.2 2.08 4.34 2.07 3.92 1.98
Proton ! 0.95 1.64 0.90 5.94 1.12 1.06
MA 11.8 6.25 10.7 6.63 11.1 3.33
Np (cm−3) 5.9 4.67 5.58 4.99 4.66 2.16
Vp (km s−1) 419 108 410 107 407 20
Tp (K) 8 × 104 7.6 × 104 6.2 × 104 9.8 × 103 6.8 × 104 2.0 × 103

Te∕Tp 3.7 3.10 - - - -

A further, related question concerns their origin: Do STs originate at the Sun or, rather, in heliospheric
processes, such as through reconnection at the heliospheric current sheet?

A development which prompted further inquiry into STs is research on the sources of the slow solar wind.
In work with SOHO/LASCO coronagraphs, Sheeley et al. [1997, 2008] and Wang et al. [2000] showed a con-
tinuous shedding of small structures from the cusps of coronal streamers. Their lack of a differential speed
with respect to the background slow solar wind suggested strongly that these transients form an essen-
tial component of the slow solar wind itself. Their orderly kinematics (e.g., a quasi-parabolic dependence of
their velocity on height, reaching slow solar wind speeds at ∼30 RS in the outer part of the LASCO C3 field of
view, and their similar acceleration) is quite unlike those of the large ICMEs/MCs, whose scatterplot of height
versus speed is very irregular [Sheeley et al., 1997, Figure 6].

This work was continued with STEREO, using techniques developed to track the density enhance-
ments in the heliosphere (J maps) [Sheeley et al., 1999, 2008; Rouillard et al., 2008, 2009]. It was shown
that stream interaction regions (SIRs) could often entrain STs [Rouillard et al. 2009, 2010]. In further
work, Rouillard et al. [2011] examined six such events, i.e., each entrained in a SIR. Their radial extents
were in the range [0.025, 0.118] AU. They were characterized by low plasma beta values, low magnetic
field variance, and magnetic field rotations on short timescales. Using J maps to trace the high speed,
compressed (dense) stream to the Sun, they were able to demonstrate that these structures generally
originated as small mass ejections. One, however, originated as a large mass ejecta, and the authors
argued that its small in situ size was due to a spacecraft trajectory which skimmed the larger ejection.

Figure 1. Tp versus solar wind speed Vp in 2007–2009 for (top) slow and
(bottom) fast winds. Our least squares fit is shown in blue, and the result
derived by Lopez [1987] is in red.

A major work on STs in the slow solar wind
is that of Kilpua et al. [2009], who presented
examples seen by the STEREO-A/B (ST-A/B)
and Wind probes during Carrington rotations
2054, 2055 (March–April 2007). To search for
STs the authors focused on the following fea-
tures: (i) decreased magnetic field variability,
(ii) smooth rotation of the magnetic field, and
(iii) clear decreases in Tp and !p. They found
17 cases in all, some seen at more than one
spacecraft. (At this stage of the STEREO mis-
sion, the heliographic longitude separation
between ST-A and ST-B increased from 1.2
to 5.0◦, small enough to permit some multi-
ple observations.) Examples were included
where not all of these criteria were simulta-
neously fulfilled; sometimes only one was
satisfied (e.g., see Event 7 in Kilpua et al. [2009]
and further below). Some had very few of
the signatures we associate with large ICMEs
and MCs [Neugebauer and Goldstein, 1996;
Zurbuchen and Richardson, 2006; Richardson
and Cane, 2010]. Using the Global Oscillation
Network Group magnetogram-based coronal
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Table 2. The Expected Solar Wind Tp as a Function of Vp for 2007–2009: Our Results and
Those of Lopez [1987]

Vp <500 km s−1 Texp = (A1 × Vp + A2)2 × 1000

2007–2009 Vp ≥500 km s−1 Texp = (B1 × Vp + B2) × 1000

A1 "A1 A2 "A2 # 2
A

Our study 0.027 3.1 × 10−7 −3.7 1.2 × 10 −4 13,655.2
Lopez 0.031 - −5.1 - 13,982.4

B1 "B1 B2 "B2 # 2
B

Our study 0.32 1.3 × 10−5 −58 7.4 × 10−3 37,498.5
Lopez 0.51 - −142 - 43,111.8

field source surface model map, they found that most of these transients map back to the vicinity of the
model sector boundaries. Later, Kilpua et al. [2012] studied STs and ICMEs and found that STs occur more
often close to SIRs and in the declining phase of fast streams than large ICMEs.

In this paper we carry out a systematic survey of STs during the entire 3 year long, pronounced solar activity
minimum 2007–2009. The durations considered are [0.5, 12] h. We do not restrict ourselves to slow solar
winds, and we give statistics for slow and fast winds separately.

Our approach is as follows. We first extend Kilpua et al.’s [2009] study with the aim of adding other acknowl-
edged ICME/MC signatures also present in their data sets. Essential for this is to compare against the average
solar wind properties measured specifically in 2007–2009. From this we find the candidate set of parameters
for our survey, i.e., those signatures which recur most frequently in the in situ data of these STs over the two
Carrington rotations. These are (i) duration of events between 0.5 and 12 h, (ii) low proton temperature (Tp),
(iii) enhanced magnetic field strength (B), (iv) decreased magnetic field variability, (v) coherent field rota-
tions, (vi) low proton beta (!p), (vii) low Alfvén Mach number (MA), and (viii) Te∕Tp higher than the average
value over the 3 years.

Figure 2. The ST on 10 April 2007, shown between vertical guidelines. For further details, see text.
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Figure 3. The statistical result for the temperature ratio Te∕Tp for the STs
identified by Kilpua et al., [2009] from the Wind spacecraft. The dashed
red line labeled 3.7 is the 3 year average of quantity Te∕Tp .

Our definition of STs emerges from this study.
We require STs to have durations between
0.5 and 12 h, low Tp and/or low !p, and an
enhanced magnetic field strength relative to
the 3 year average. In addition, they must have
at least one of the following: (a) decreased
magnetic field variability, (b) large, coherent
rotation of the field vector, (c) low Alfvén Mach
number (MA), and (d) Te∕Tp higher than the
3 year average. We note that this definition
includes small magnetic flux ropes but is not
restricted to them.

We then survey by eye the whole 2007–2009
period using Wind key parameter data from the
Magnetic Fields Investigation (MFI) [Lepping

et al., 1995] and Solar Wind Experiment (SWE) [Ogilvie et al., 1995] instruments. The key parameter data
have a temporal resolution of 92 s (plasma) and 1 min (magnetic field). The electron temperature Te is

Figure 4. Statistical results on STs in March–April 2007: (a) average B, (b) proton beta, !p , (c) Alfvén Mach number, MA , and (d) Tp∕Texp as
identified by Kilpua et al. [2009] from Wind, ST-A, and ST-B. Note that we only plot < Tp > for data from ST-A and ST-B.
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Figure 5. The Alfvénic event on 29 August 2008.

obtained from the SWE instrument at 9 s resolution. We present six events as case studies which we believe
to be representative of various features seen in these STs, e.g., where they occur, typical durations, etc.
We then present our statistical results, grouping by slow/fast winds. Finally, in section 5, we compare
ST properties with those of ICMEs seen during the same period after the tabulation of Richardson and
Cane [2010].

We stress again that when comparing ST properties to those of the “normal” solar wind we use as refer-
ence the solar wind during 2007–2009, which was in many respects (e.g., low magnetic field strength and
low plasma density) different from solar winds during minima of other solar cycles [Smith and Balogh, 2008;
McComas et al., 2008; Farrugia et al., 2012]. This information is given in Table 1, which includes the average
values and the standard deviations of the (i) magnetic field, B; (ii) !p; (iii) MA; (iv) proton density, Np; (v) proton
bulk speed, Vp; (vi) Tp; and (vii) Te∕Tp of the solar wind. The average magnetic field strength in these 3 years
was only 4.2 nT (Wind), while 4.34 nT and 3.92 nT were obtained from the ST-A and ST-B data sets, respec-
tively. The expected proton temperature for normal solar wind expansion, however, depends on the solar
wind bulk flow speed. Empirical formulas obtained from statistics were given by Lopez [1987]. However, we
do this from first principles. The reason for doing so is that the period under study had special properties,
and we want to be sure that these are adequately reflected in the statistics.

2. Selection Procedure and Methodology

In this section we motivate our selection criteria for STs by extending the work of Kilpua et al. [2009], iso-
lating other indicators which appear frequently in the data sets. We give one example to illustrate the
approach. We also discuss the expected proton temperature of the solar wind during 2007–2009, useful for
comparison purposes.
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Figure 6. For the Alfvén event on 29 August 2008. For further details, see text.

We begin with the latter. We derive the expected Texp of the solar wind in 2007–2009 as a function of Vp. The
statistical formula obtained by Lopez [1987] is

Texp = (0.031 × Vp − 5.1)2 × 1000 forVp < 500kms−1;

Texp = (0.51 × Vp − 142) × 1000 forVp ≥ 500kms−1.

We shall assume a similar functional form for Texp in terms of Vp and also use the same demarcation line
at Vp = 500 km s−1. The key parameter data from the Wind/SWE instrument results in over 9 × 105 data
points in the 3 year period (720271 in slow, and 209379 in fast wind). We used the Interactive Data Language
least squares fitting routine “curvefit”, and the initial parameters were set very different from those of Lopez
[1987]. The routine then converges to

T ′
exp

= (0.027 × Vp − 3.665)2 × 1000 forVp < 500kms−1;

T ′
exp

= (0.323 × Vp − 58.277) × 1000 forVp ≥ 500kms−1.

Figure 1 shows these results in blue. The red trace shows the Lopez [1987] values. The goodness of fit param-
eter Ø2 is shown in Table 2. As can be seen, the results we obtain are close to those of Lopez and, particularly
for the slow solar wind, the fits almost coincide.
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Figure 7. The ST on 27 December 2007, shown between vertical guidelines. (top to bottom) The proton density, temperature (in blue:
the expected temperature in year 2007–2009), bulk speed, the Te∕Tp temperature ratio, the total field and its latitude and longitude in
GSE coordinates, the !p , the MA , and the pressures (black: total; red: magnetic; blue: proton; green: electron thermal pressure).

We looked at the 17 events listed by Kilpua et al. [2009], which occurred in March–April 2007. We added the
following quantities in search of possible further candidate signatures of ST: (i) Te∕Tp and (ii) Alfvén Mach
number, MA. The reason for including (i) is that in various studies it has been shown that in large transients
(ICMEs/MCs) Te >> Tp [Fainberg et al., 1996; Richardson et al., 1997; Sittler and Burlaga, 1998]. Indeed, this
ratio could reach values of ∼10 [Sittler and Burlaga, 1998]. In an example using Ulysses data, Osherovich et
al. [1999] showed values >20 at large heliospheric distances. The Alfvén Mach number, MA, is typically lower
in ICMEs and MCs than in the surrounding solar wind [Farrugia et al., 1995; Lavraud et al. 2007; Leitner et al.,
2009, 2010]. Indeed, low MA is one reason magnetosheath properties, and hence solar wind-magnetosphere
interactions, can depart strongly from typical behavior when ICMEs pass Earth, because it implies enhanced
magnetic forces acting on the sheath flow [Farrugia et al., 1995; Lavraud and Borovsky, 2008].

To illustrate our selection procedure, we look at a ST on 10 April 2007 (event No. 7) from Kilpua et al.’s [2009]
list. Figure 2 shows, from top to bottom, Np, Tp, Vp, the temperature ratio Te∕Tp, the total magnetic field
strength, B, the latitude and longitude of the magnetic field (GSE coordinates), the !p, MA, and the pressures,
P (black trace: total, red: magnetic, blue: proton, green: electron thermal pressure). The horizontal red traces
in the various panels indicate the average value of the respective quantities in 2007–2009. The blue trace in
the second panel is the expected proton temperature for normal solar wind expansion as derived above.

The ST interval, lasting ∼4.5 h, is bracketed by the vertical guidelines in Figure 2. From the second panel
it is seen that the proton temperature Tp is well below the expected temperature. Indeed, this is the way
this particular ST was identified in the original work. But there are other signatures satisfying our criteria
for a ST: proton !p is << 1 and the Te∕Tp temperature ratio clearly rose to well above average values (6.43 ±
1.13; mean and standard deviation). The total magnetic field strength was ∼5.3 nT ± 0.27 nT. At 1 AU 5.3 nT
is not usually considered a strong solar wind field. However, the 3 year average is 4.2 nT (red line). Similar
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Figure 8. The ST on 9 May 2009. The format is the same as that of Figure 7.

arguments apply to MA (last-but-one panel). Its average value in this ST is 8.7, while in the 2007–2009 solar
wind the average value was 11.8 (Table 1), so it is lower than average. Except for the low Tp, which was cho-
sen to be one of the most important criteria in Kilpua et al.’s work, there are four other properties which can
distinguish this ST event from the ambient solar wind.

We now consider the total ensemble of 14 events seen at Wind during these two Carrington rotations. First,
we show results on the temperature ratio Te∕Tp (Figure 3), plotting the mean values and the standard devi-
ations for each event. The red dashed line gives the 3 year average. The range of values extends over [∼2.5,
∼14]. It is evident that in many cases this temperature ratio exceeds the average value over 2007–2009. So
this temperature ratio may be a good indicator of STs.

Figure 4 shows scatterplots of the results obtained for the parameters we consider. The three columns refer,
from left to right, to Wind (14 STs), ST-A (10 STs), and ST-B (9 STs) observations, respectively. Plotted in rows
from top to bottom are (a) the average field strength B, (b) the average !p, (c) the average MA, and (d) the
average Tp∕Texp. For the STs observed by ST-A and ST-B, we compare the proton temperature Tp with the
average values. Standard deviations are shown by the vertical lines.

Wind. Concerning the average B in STs, we have values in the range [∼3, ∼11] nT. So clearly this quantity, as
noted also by Kilpua et al. [2009], is generally, but not always, above average values of the solar wind at 1 AU.
When comparing with the 3 year average of 4.2 nT (red dashed line), many STs (86%) have indeed a higher
average field strength. The average proton beta (< !p >) in STs varies over a wide range, and some have
large standard deviations. However, it is clear that a !p < 1 is a recurrent feature of these STs. The average
MA values lie in the range [4, 20]. Since the mean of the 2007–2009 measurements of this quantity is 11.8 ±
6.25 (Table 1; horizontal line), most STs (86%) have an average MA which is lower than that in the solar wind
in this 3 year period. The average Tp∕Texp is with two exceptions below unity. For those STs with Tp < Texp, the
difference between Tp and Texp is not that large. This point will be taken up again in section 5.
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Figure 9. Case event 3 (15–16 April 2008) with data plotted in a format similar to that of Figure 7.

ST-A and ST-B. Similar trends are seen in the ST-A and ST-B examples. Most STs have an average magnetic
field stronger than the average value. Quantity !p <1 is also a reliable parameter in these examples. Most of
the STs have mean MA below the normal solar wind value. In the last panel we compare the proton temper-
ature with the surroundings. We find that the average proton temperatures at ST-A and ST-B are 6.2 × 104 K
and 6.8 × 104 K, respectively. In ST-A, all the events have Tp < 6.2 × 104 K, and most of them (8 out of 10)
have Tp > 2.4 × 104 K. A similar result can be seen in ST-B, where almost all the STs (8/9) have Tp lower than
its average value, and all Tp higher than 2.4 × 104 K (thermal speed, vth = 20 km s−1). The above analysis
motivated our choice of characteristics we shall use to identify STs, detailed in section 1.

3. STs in 2007–2009: Case Event Studies

In this section we present a number of case studies to illustrate the varieties of ST features and the ambient
conditions they occur in.

3.1. Alfvénic Fluctuations
We start first with the kind of event we exclude. As pointed out by Marubashi et al. [2010] and Cartwright and
Moldwin [2010], some solar wind Alfvénic structures can be mistaken for STs. For that reason we examined
all events we identified to remove those which were evidently Alfvénic fluctuations. We give one exam-
ple in Figure 5, which was observed by Wind on 29 August 2008. From top to bottom the panels show the
proton density Np, temperature Tp (in blue: the expected temperature for normal solar wind from the statis-
tics discussed above), bulk speed, the Te∕Tp temperature ratio, the total field, the magnetic field vector in
GSE Cartesian coordinates (Bx , By , Bz), and overlaid in red, the corresponding solar wind velocity compo-
nents, !p; MA; and the total pressures (red: magnetic; blue and green: proton and electron thermal pressures,
respectively; black: total).

Part of the Alfvénic event is bracketed by two vertical guidelines and lasts from 08:48 to 19:45 UT. We find
this event to have (i) decreased Tp, at least in the central part (∼11:30–16:00 UT); (ii) enhanced Te∕Tp (> 3.7);
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Figure 10. Case event 4 on 3 December 2008. Similar format as in Figure 7.

(iii) stronger-than-average magnetic field strength; and (iv) low !p (!p < 1) and low MA (MA < 11.8). All these
properties comply with our definition of STs. However, when we compare the components of the mag-
netic field and the velocity vectors (GSE coordinates; overlaid in red with scales on the right), we see a clear
correlation between them. That means that the event is really an Alfvénic structure.

We confirm this formally by comparing in Figure 6 the perturbations of the magnetic field perpendicular to
the background field (Δ!⟂) with the perturbations of the velocity perpendicular to the background mag-
netic field and modified by a function of the mass density $ (Δ"⟂ ≡ (%0$)1∕2Δ#⟂). The background field is
obtained from a seven-point running average of the magnetic field data. The regression lines are shown.
With correlation coefficients of 0.8, 0.6, 0.8 (x, y, z), over 12,861 data points, the correlation is good. These
are thus Alfvén waves propagating against (positive gradient) the magnetic field. We carried out this pro-
cedure on all the events we initially identified. If the regression coefficients were larger than 0.5 for all three
components, we classified them as Alfvénic events.

3.2. Event 1: 27 December 2007
We now discuss six case studies to present what we think are representative features of the STs listed in
this paper. The first event was observed by Wind on 27 December 2007. Figure 7 shows the plasma and
magnetic field data. From top to bottom, the panels show the proton density, temperature Tp (in blue: the
statistically expected value in 2007–2009), the proton bulk speed, the Te∕Tp temperature ratio, the total field
and the latitude and longitude of the magnetic field vector in GSE coordinates, proton !p, MA, and the total
pressures (black: total; red: magnetic; blue: proton; green: electron thermal pressure). The red horizontal
lines indicate the 3 year averages of the respective quantities (Table 1). The event is shown between the two
vertical lines.

This is a very short duration ST, lasting only 47 min. Features of this event are the low proton temperature
(< Tp > ∕Texp = 0.65) and the low proton !p (∼ 0.13). The average magnetic field strength (< B > = 9.2 nT)
is about twice the average value, and the average MA (∼6.0) is about one half of average (red line). The field
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Figure 11. Case event 5 (18 May 2008). Similar format as in Figure 7.

variability is lower than in the surroundings. The Te∕Tp ratio, while it reaches above ambient values in the
12 h interval shown, is just 1.03 times the 3 year average. The event occurs within a stream-stream
interaction region (positive gradient in Vp), but has a constant Vp, implying no radial expansion. The vari-
ations of the latitude and longitude of the magnetic field are small. It is in approximate pressure balance
(Pt = 0.053 ± 0.001 nPa). The event starts and ends with strong gradients in Np, Tp, B, and Te∕Tp, distinguish-
ing it clearly from the ambient solar wind. Using the average speed of 413 km s−1 and the duration gives a
rough estimate of the scale size in the Sun-Earth direction of 0.0078 AU (183 RE , Earth radii).

3.3. Event 2: 9 May 2009
Figure 8 shows the second case, which was observed on 9 May 2009. The data of this and the other four case
studies are shown in the same format as that of Figure 7. This ST is encountered in the time interval 03:24
to 04:48 UT (between vertical guidelines). The following properties may be seen: (i) the proton temperature,
Tp∕Texp is 0.65, as in case 1; (ii) an average field strength which is higher the 3 year average (< B > = 5.4 nT);
(iii) low magnetic field variability; (iv) a low !p (∼0.16), and (iv) a lower MA (6.2) than the surroundings, and
about one half of its 3 year average value (11.8).

The event occurs in a (borderline) fast solar wind. The decreasing trend in the flow profile indicates radial
expansion, with a value for the expansion velocity of ∼ 15 km s−1. (The expansion velocity is computed as
(Vf − Vr)/2, where Vf (Vr) are the velocities of the front (rear) boundaries of the structure). As in event 1, there
are sharp gradients in the parameters at both the front and rear boundaries, which appear to be disconti-
nuities. The pressures reflect the increasing trends in the density and field strength. For this event, too, the
Te∕Tp, while it is clearly enhanced compared to ambient values plotted in the figure and helps to distinguish
it from them, does not exceed the 3 year average (ratio = 3.5 ± 0.2 versus 3.7). As in the first event the proton
density is depressed during the event. Its value (2.3 ± 0.34 cm−3) is lower than ambient, and it is also much
lower than the average value (5.9 cm−3) over these 3 years. This feature is similar to that of the first event.
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Figure 12. Case event 6: 17 January 2008.

This ST is only 1.4 h long. Multiplying by an average speed of 486 km s−1, we obtain a scale size in the
Sun-Earth direction of approximately 0.016 AU (2.45 × 106 km) (376 RE).

At 5.44 ± 0.13 nT, the magnetic field B in this event is very steady. There is a decreased variability of the field
compared to the surroundings. Since B is much steadier than its components, the (small) fluctuations are
likely perpendicular to the background field. There is an interesting feature adjoining the front boundary of

Figure 13. The distribution of number of STs per month observed by Wind in 2007–2009.
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Table 3. Distribution of STs in the Slow Solar Wind

Year Percentage of Slow Solar Wind Percentage of Slow ST

2007 60% 70%
2008 55% 80%
2009 89% 87%

this small transient, namely, a strong double
depression of the magnetic field and a concomi-
tant rise in MA and !p. This might be a signature
of reconnection, but we do not discuss this
further here.

3.4. Event 3: 15 April 2008
In contrast to the previous two examples, the third ST observed on 15 April 2008 is a long event, lasting
11.3 h (Figure 9). It lies in the slow wind (average 371 km s−1). The properties of this event are (i) the proton
temperature (< Tp > = 2 × 104K) is lower than the expected temperature, (ii) the Te∕Tp ratio is high, reaching
a value of 16.4, well above the 3 year average; (iii) the average magnetic field strength (6.5 nT) is higher than
the 3 year average (4.2 nT); (iv) the !p is very low (∼0.13 ± 0.06); and (v) low MA, ∼7.02 ± 1.29.

The smooth decrease of the proton velocity from 380 km s−1 to 350 km s−1 indicates a radial expansion
speed of 15 km s−1. The latitude of the magnetic field exhibits a large rotation (∼70◦), though it is not mono-
tonic, and the longitude of the magnetic field rotates by ∼50◦. Discontinuous changes in many field and
plasma parameters are present, especially at the leading edge.

3.5. Event 4: 3 December 2008
Another event is the one observed on 3–4 December 2008 (Figure 10). It is characterized by (i) a magnetic
field strength (∼8.91 ± 0.52 nT) which is about twice the 3 year average; (ii) low magnetic field variance; (iii)
low !p (0.19); and (iv) low MA (4.9). In this event, too, the proton density (< Np > = 4.5 cm−3) drops below
ambient values. The Tp∕Texp fluctuates and is often above unity.

With an average bulk speed ∼447 km s−1, and a duration of 3.58 h, the scale size of this event at L1 point is
about 0.039 AU (916 RE). The event is embedded in a stream-stream interaction region (overall change in V
is 35 km s−1), as the solar wind flow changes from slow to fast.

In this event the leading speed ≤ trailing edge speed, which is indicative of radial contraction. Though the
Te∕Tp does not generally exceed the 3 year average, it has values forming a clear local enhancement. The lat-
itude of the magnetic field changes smoothly by about 45◦, while its longitude is very steady in this period.
It may thus be considered as a small magnetic flux rope.

3.6. Event 5: 18 May 2008
An example of a ST with clear magnetic flux rope features is the one observed on 18 May 2008 (Figure 11).
Its duration is ∼ 2.67 h. The magnetic field executes a large and coherent north-south rotation of 135◦. The
longitude remains relatively steady at 90◦. The event occurs in the slow solar wind and is being convected
with the surrounding flow. With a low-proton beta (< !p > = 0.22), and a stronger-than-average magnetic

Figure 14. The proton velocity distribution of the observed STs.
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Figure 15. The distribution of ST duration.

field strength (5.5 versus 4.2 nT), it may be considered as a small magnetic cloud. Interestingly, however,
the Tp∕Texp ratio fluctuates around unity as in the surrounding plasma. Further, Te∕Tp, while above the 3 year
average, is hardly distinguishable from the surroundings. A rough estimate of the diameter of the ST is
∼0.022 AU (517 RE). Noteworthy are the pressure profiles, where it can be seen that the sum of the thermal
pressures (electron + proton) is of the same order as the magnetic pressure. Thus, it is not a priori clear that
such a flux rope may be modeled as a force-free configuration.

3.7. Event 6: 17 January 2008
The last example was observed on 17 January 2008, data for which are shown in Figure 12. This ST is being
convected (no gradient in Vp) with the fast (< Vp > = 580 km s−1) solar wind. Again, as in the previous
example, it satisfies all the criteria for a small MC, with an enhanced field strength, smooth rotation in both
field latitude and longitude, and a low !p. However, as in the previous example, Tp is hardly different from
expected values. The pressure profiles again indicate a substantial contribution of the thermal pressures to
the total. Te∕Tp was only 1.26, i.e, much lower than the 3 year average (3.7).

4. Statistical Survey

We now present statistical results from our survey, considering first the ST occurrence rate. Figure 13 shows
a histogram of the number of STs per month as a function of time. In all we identified (by eye) 126 STs, with
33 STs in the year 2007, 40 STs in 2008, and 53 STs in 2009. On average we thus find 3.5 events/month. It

Figure 16. The statistical result of the average B in the 126 STs. The
value 4.2 nT is the 3 year average.

appears that in 2009 the STs are more frequent.
This may be due to the fact that in 2009 the
slow solar wind occurred over a larger fraction
of the time (89%). The fraction of fast STs in year
2007 is much higher than in the other 2 years.
The percentages of the slow solar wind in each
year and the percentages of the slow STs are
listed in the Table 3.

Figure 14 sorts these events by average speed.
Most of the events have average bulk speeds
in the range [300, 500]. Of the 126 STs, 102 STs
(81%) are in the slow solar wind (<450 km s−1).

The distribution of the durations is shown in
Figure 15. The most frequently observed ST
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Figure 17. The statistical result of the average proton beta, !p .

duration lies between 1 and 4 h. The average dura-
tion of the 126 STs is ∼4.3 h, and 94 STs (75%) last
less than 6 h.

We now turn to the distribution of individual
parameters.

1. Average magnetic field (Figure 16). In STs we
find that this quantity lies in [4, 20 nT]. The
ensemble average is ∼7.8 nT ± 3.0 nT, i.e., about
twice the 3 year average (4.2 nT). This conclusion
can only be drawn if we compare with average
properties of the solar wind in 2007–2009, as we
do (see section 1).

2. !p. Figure 17 show average !p per event and
their standard deviations. All lie below the 3 year value and are confined to the range [0.02, 0.7], albeit
with large standard deviations. The ensemble average of !p is 0.24, about 4 times smaller than the 3 year
average (0.95). Grouping by solar wind speed, the average !p = 0.235 (slow) and 0.249 (fast), i.e., there is
no significant difference between the slow and fast solar wind.

3. MA. Figure 18 shows that the averages of this quantity lie in [∼2, 12]. The ensemble average < MA > is 6.3
(about one half of 3 year average). In slow solar wind < MA > is 6.29, and in fast solar wind is 6.50.

4. Te∕Tp. Figure 19 shows that for almost all the STs, the temperature ratio Te∕Tp > 1 and lies in a band of
[0.9, ∼20]. The ensemble average for all STs is 4.31. It is 4.64 and 3.02 for the slow and fast solar winds,
respectively. The average temperature ratio in our study is only a little higher than the 3 year value (3.7).
The implications of (ii) and (iv) are discussed further in the last section.

5. Tp∕Texp. The scatterplot of Figure 20 shows that this ratio straddles the 3 year average. In 53% of cases,
this ratio is below, and in 47% it is above, unity. Thus, while Tp << Texp is often considered a very robust
signature of the ICMEs [Gosling et al., 1973; Richardson and Cane, 1995], it is not a robust signature of STs.
This point is considered further in the section 5.

5. Summary and Discussion

We have discussed properties and distributions of small solar wind transients (STs) during 2007–2009.
They were monitored by the SWE and MFI instruments on Wind. We elaborated a methodology of
how to search for these events. We first extended the analysis of Kilpua et al., [2009] covering two con-
secutive Carrington rotations with the aim of including other parameters which may be of interest.
Having identified these quantities, we arrived at a selection scheme for STs. This scheme included, but
was not restricted to, magnetic flux ropes. After eliminating Alfvénic fluctuations, we found 126 exam-
ples of STs. They were of various durations but mostly shorter than 6 h. The majority were found in
the slow solar wind and convecting with it. It was a major concern of our effort to compare ST prop-
erties with those of the background solar wind in these 3 years which, as has been pointed out in
previous studies, had unusual properties, such as low magnetic field strengths and low proton densities.

Figure 18. The statistical result of MA .

Some caveats on the selection are in order.
When searching by eye for these transients, we
sometimes had difficulty in locating their exact
boundaries. When the boundaries were very
unclear, we did not include the event. Note also
that by definition we excluded events which
are shorter than 30 min. Thus, the set of STs
we arrived at is nonexclusive: It is not being
claimed that we found them all. Worth not-
ing is also that identification of STs depends
on the definition. We paid particular care to
this, but other works may use similar but not
identical definitions.
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Figure 19. Statistical result for the temperature ratio Te∕Tp sorted by solar wind speed. (top) Slow wind and (bottom) fast wind. The red
dashed lines are the respective ensemble averages.

We now take a closer look at our results for the temperature ratio Te∕Tp. This is hardly ever discussed in con-
nection with STs (but see Yu et al. [2013]). And yet it has been discussed in connection with large-scale ICMEs
(see references in section 1 and below). Locally, Te∕Tp in STs is generally well above ambient values. Indeed,
this ratio alone can often distinguish STs from their surroundings (see, for example, the case studies 2 and 4).
However, overall, it fluctuated around the 3 year average of this ratio (Figure 19).

For the normal solar wind, Newbury et al. [1998] gave a rule-of-thumb estimate for the value of Te based on
an analysis of ISEE data. They reached the conclusion that irrespective of solar wind speed, a good estimate
of Te is Te = 1.42 × 105 K. Figure 21 shows Te for our 3 year period. Its average value is 1.51 × 105 K, which is
in very good agreement with Newbury et al.’s result. This is remarkable seeing that Newbury et al.’s study
covered 18 months when ISEE 3 was orbiting the L1 point during a phase approaching solar maximum
of cycle 21. Below we shall compare the temperature ratio Te∕Tp in STs with that in ICMEs during the solar
minimum 2007–2009.

Figure 20. The statistical result for Tp∕Texp.

The local high value of Te∕Tp in STs has an
important implication. It concerns force-free
modeling of those STs which have the geom-
etry of magnetic flux ropes, i.e., those which
exhibit a large and coherent rotation of the
magnetic field vector. When this temperature
ratio is taken into account, the plasma ! (elec-
trons + protons + & particles, though we did
not study the &’s in this paper) will of course rise
substantially. Figure 22 confirms this result over
our assembly. We use here measured values
of Te and not the average value. At an aver-
age value of 0.85 ± 0.38, the plasma ! is not

YU ET AL. ©2013. American Geophysical Union. All Rights Reserved. 704

http://dx.doi.org/10.1002/2013JA019115


Journal of Geophysical Research: Space Physics 10.1002/2013JA019115

Figure 21. Temporal profile of the electron temperature Te . In red, the mean value and its standard deviation.

small, and thus, the thermal pressure is comparable to the magnetic pressure. Alphas would also increase
the plasma ! by a few percent in the slow wind and perhaps by up to 20% in the fast wind. This means that
force-free modeling for flux-rope STs might not be a suitable approach. Grad-Shafranov reconstruction and
the elliptical model of Hidalgo et al. [2002] could be more suited.

An interesting feature often seen in our STs were the sharp gradients at one or both boundaries. Sometimes
these were abrupt enough to become discontinuities. The possibility of some of these being rotational
discontinuities, implying reconnection with the ambient plasma, will be followed up in future work.

Perhaps the most distinguishing feature of STs is that, generally, they do not expand but convect with the
solar wind. This eliminates adiabatic cooling and yields a Tp distribution which straddles the expected Tp

value (see Figure 20). (See below when we compare with the properties of ICMEs in this period.) It will
emerge that while a low Tp has been universally considered as a very robust signature of ICMEs, it is not a
robust signature of STs.

The convection with the solar wind and the general occurrence of STs in the slow wind lends sup-
port to the idea that many STs represent the plasma blobs which Sheeley et al. [1999] discovered to
be emanating steadily from streamer cusps. And blobs tracked directly in the Imagers are the most
direct way of associating STs with streamer transients [e.g., Rouillard et al., 2011]. See Kilpua et al. [2012]
for an in-depth investigation of this issue. However, further work is required to determine all possi-
ble origin(s) of STs, such as statistical studies of their densities and the properties of & particles and
heavier ions.

Figure 22. Statistics of the plasma ! (electrons + protons) over the
126 STs. Values generally cluster around unity.

We now compare our results for STs with the
properties of ICMEs in this same period. We use
for the latter the compilation of Richardson and
Cane [2010], who tabulated 15 ICMEs. Summary
results are collected in Figure 23. Proceeding by
column, this shows the average (a) B, (b) MA, (c)
!p, (d) Te∕Tp, and (e) Tp∕Texp. Comparing with the
corresponding plots for STs, it may be seen that
(i) B is similar in STs and (ii) so is MA. By contrast,
(iii) !p is lower and (iv) Tp∕Texp is lower (0.67 in
ICMEs versus 1.1 in STs, Table 4) and perhaps
in part as a consequence of this, (v) average
Te∕Tp is higher (∼8.3) in ICMEs. Values of Te∕Tp

∼10 were also obtained in various studies on
ICMEs/MCs. The strength of the resulting ion

acoustic wave emissions can be seen very trenchantly in an example from Ulysses where Te∕Tp ≈ 20 [see
Osherovich et al., 1999, Figures 4b and 4c]. In summary, it seems that the major difference between in situ
observations of ICMEs and STs is the proton temperature and its effects on other derived parameters. It is
lower than Texp in ICMEs but of the same order in STs.
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Figure 23. Statistical results for the ICMEs observed by Wind in 2007–2009 from the classification of Richardson and Cane [2010].

Table 4. Comparison of STs and ICMEs in 2007–2009

2007–2009 STs ICMEs

< B > 7.84 ± 3.00 8.39 ± 3.40
< !p > 0.24 ± 0.13 0.13 ± 0.10
< MA > 6.3 ± 1.4 5.7 ± 1.6
< Te∕Tp > 4.3 ± 2.5 8.3 ± 2.4
< Tp∕Texp > 1.10 ± 0.56 0.67 ± 0.28

As a last item, we consider in Figure 24 the dis-
tribution of the expansion velocity, Vexp for STs
(blue) and ICMEs (red). Some STs have negative
Vexp, implying compression. This might reflect
the fact that if encountered in SIRs, they are
often compressed by the trailing faster stream.
The mean and standard deviations are as fol-
lows: VST

exp
= −3.8 ± 15.2 km s−1 and V ICME

exp
=

9.9 ± 17.1 km s−1. Thus, during the 3 year minimum, the expansion speeds are not large, though the aver-
age Vexp for STs are significantly smaller. If we take only positive values in Figure 24, we obtain 17.3 km/s for
ICMEs and 8.0 km/s for STs.

Recall that with only 15 ICMEs, the statistics are not so robust. So we depart from practice and consider a
larger ICME data set, one that encompasses 14 years and all solar activity levels taken from Richardson and
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Figure 24. Normalized distribution of the expansion velocity for STs (in blue; 126 cases) and ICMEs (in red; 15 cases).

Cane [2010]. For the Vexp of ICMEs they find 31 km/s and 42 km/s with, and without, negative values included.
(Other authors quoted in Richardson and Cane find even higher values). It seems that indeed ICMEs expand
considerably more than STs. Currently, this is only based on a limited data set, but we intend to extend to a
larger data set in future work.
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